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**Abstract**

The "Eye" chapter of the third edition of the *Fundamentals of Toxicologic Pathology* brings a comprehensive description of spontaneous and toxicant-induced pathological processes affecting the ocular tissues in the most commonly used laboratory animals and their correlations with toxic diseases of humans. Also presented are detailed descriptions of the structure, function, and response to injury of the different ocular tissues, known mechanisms of ocular toxicity, the most advanced techniques applied in the toxicological evaluation of the eye, and eye-specific techniques of tissue processing.
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Introduction {#s0010}
------------

The principal means by which most animals are made aware of their surroundings is the reflection or emission of light by external objects and the reception of this light by special cells in the eye called photoreceptors. However, reception of light is only the initial step of vision. Visual perception is the ability to interpret the surrounding environment by processing information contained in the visible light, and for that to be accomplished the whole visual system (eye, optic nerve, and cerebral cortex) needs to be involved. It is reported that humans obtain over 80% of all external information from vision. Visual impairment can have devastating health and socio-economic consequences, so risk assessment for toxicity of new chemicals and drugs with respect to the visual system is extremely important.

The evaluation of ocular tissues for efficacious or toxic effects has many challenges that are shared with nonocular tissues while others are eye-specific. One must understand the special requirements for tissue sampling, trimming, fixation, and histologic processing for eye specimens in general, and for the eyes of different species in particular, in order to obtain histologic sections of suitable quality. From the biologic and anatomic perspectives, one needs to be aware of the differences in ocular anatomy among species in order to differentiate toxicant-induced changes from normal anatomical variations. Because of the accessibility of the intraocular structures to clinical examination and detection of lesions *in vivo*, the accurate identification and diagnosis of microscopic findings requires an awareness and understanding of clinical ocular findings. On the same note, there is an almost complete overlap between the terminology in clinical ophthalmology and ocular pathology, so familiarization with clinical and diagnostic terms is essential for accurate communication. Once identified, ocular findings need to be proper classified as treatment-related, spontaneous, or iatrogenic. A multinational effort involving the Society of Toxicologic Pathology (STP), British Society of Toxicological Pathology (BSTP), European Society of Toxicologic Pathology (ESTP), the Japanese Society of Toxicologic Pathology (JSTP), and the Registry of Industrial Toxicology Animal data (RITA) in Europe is developing standardized nomenclature for classifying microscopic lesions observed in laboratory rats and mice in toxicity and carcinogenicity studies. This project, referred to as the [In]{.ul}ternational [Ha]{.ul}rmonization of [N]{.ul}omenclature and [D]{.ul}iagnostic (INHAND) Criteria for Lesions in Rats and Mice, has resulted in a list of accepted terms for "Nonproliferative and Proliferative Lesions of the Rat and Mouse Special Sense Organs (Ocular \[eye and glands\], Olfactory and Otic)," which may be accessed at <https://www.toxpath.org/inhand.asp>. These terms now are required in product registration packages submitted to the U.S. Food and Drug Administration (FDA) to ensure compliance with the "Standard for Exchange of Nonclinical Data\" (SEND) guidance recently implemented by this agency.

Structure and Function {#s0015}
----------------------

The eye is a highly specialized organ that originates from multiple embryological layers, especially the neural crest, mesoderm, neuroectoderm, and surface ectoderm. This embryological tissue diversity becomes evident in the large spectrum of cellular differentiation as well as the complexity and specialization of the ocular tissues ([Figure 22a.1](#f0010){ref-type="fig"} ). [Table 22a.1](#t0010){ref-type="table"} offers timelines for the comparative embryological development of the dog, mouse, and human eyes. The main function of the eye is through the cone and rod photoreceptors located in the retina, which transform light energy into electrical impulses (phototransduction) that are transmitted via the optic nerve to the optical centers of the brain. In order for impulses to be generated in the eye, the light needs to be effectively focused on the retina; proper focusing depends on structural characteristics like size and rigidity of the globe, corneal surface and lens curvature, and locations and optical clarities of the various ocular tissues. These properties are acquired during development and must be maintained throughout life if the function of the eye is to remain intact.Figure 22a.1Embryology of the mammalian eye.(A) Developing eye from a mid-term (gestational day 128) equine embryo showing the developing neuroretina \[thick C-shaped layer lining the deep portion of the globe and encircling the lens vesicle (\*)\] and the optic stalk \[or primitive optic nerve (*arrowhead*)\]. (B) Near-term mouse fetus showing the primary vitreous (\*) between the lens (pale eosinophilic orb at the top) and retina (thick multilaminar layer at the bottom). (C) Near-term mouse fetus showing the fused eyelids; the *arrowhead* points to the cleft where the palpebrae (eyelids) will eventually separate. (D) Lens from a near-term mouse fetus showing the *tunica vascularis lentis* \[as small, regularly spaced capillary cross-sections along the posterior (upper) edge of the lens\]. (A) Periodic acid-Schiff (PAS) stain, ×100; (B) H&E, ×200; (C) H&E, ×40; (D) H&E, ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.2, p. 2103, with permission.Table 22a.1Sequence of Ocular DevelopmentHuman (approximate postfertilization age)Mouse (day postfertilization)Dog (day postfertilization)Developmental eventsMonthWeekDay1322813Optic sulci present in forebrain424915Optic sulci convert into optic vesicles1017Optic vesicle contacts surface ectoderm26Lens placode begins to thickenOptic vesicle surrounded by neural crest mesenchyme252810.5Optic vesicle begins to invaginate, forming optic cupLens pit forms as lens placode invaginatesRetinal primordium thickens, marginal zone present321119Optic vesicle invaginated to form optic cupOptic fissure delineatedRetinal primordium consists of external limiting membrane, proliferative zone, primitive zone, marginal zone, and internal limiting membraneOculomotor nerve present3311.525Pigment in outer layer of optic cupHyaloid artery enters through the optic fissureLens vesicle separated from surface ectodermLens surrounded by intact basement membrane (lens capsule)Retina: inner marginal and outer nuclear zones11.529Basement membrane of surface ectoderm intactPrimary lens fibers formTrochlear and abducens nerves appearLid folds present63712Edges of optic fissure in contact1230Tunica vasculosa lentis presentLens vesicle cavity obliteratedCiliary ganglion present411232Posterior retina consists of nerve fiber layer, inner neuroblastic layer, transient fiber layer of Chievitz, proliferative zone, outer neuroblastic layer, and external limiting membrane1732Eyelids fuse (dog)7Anterior chamber beginning to form12.540Secondary lens fibers present481432Corneal endothelium differentiated851Optic nerve fibers reach the brainOptic stalk cavity is obliteratedLens sutures appearAcellular corneal stroma present5430--35Scleral condensation present9571740First indication of ciliary processes and irisExtraocular muscles visibleEyelids fuse (occurs earlier in the dog)1045Pigment visible in iris stromaCiliary processes touch lens equatorRudimentary rods and cones appear45-Hyaloid artery begins to atrophy to the disc312Branches of the central retinal artery form451Pupillary sphincter differentiatesRetinal vessels present56Ciliary muscle appearsEye axis forward (human)56Tapetum present (dog)Tunica vasculosa lentis atrophiesShort eyelashes appear540Layers of the choroid are complete with pigmentation6Eyelids begin to open, light perceptionPupillary dilator muscle present7Pupillary membrane atrophiesRod and cone inner and outer segments present in posterior retinaPars plana distinct9Retinal layers developedRegression of pupillary membrane, TVL, and hyaloid artery nearly completeLacrimal duct canalized[^1]From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Table 53.1, pp. 2099--2101, with permission.

The eye can be divided into three basic layers or tunics: (1) the fibrous tunic, the external part of the eye composed of the corneal and sclera; (2) the uveal tract, internal to the fibrous tunic and composed of the iris, ciliary body, and choroid, which houses the vascular supply to the eye; and (3) the internal neural layer, composed of the retina and optic nerve head. The eye can be further divided into anterior and posterior segments, the first consisting of the cornea, anterior and posterior chambers, iris, ciliary body, and lens, and the second composed of the vitreous and vitreal space, retina, choroid, sclera, and optic nerve.

### Eyelids (Palpebra) {#s0020}

The eyelids' primary function in mammals is protection of the ocular surface from exposure or from the risk of accidental trauma. The lids also have important functions in tear film formation and distribution (see later). In rodents, rabbits, and dogs, the upper and lower lids are fused at birth and separate only after retinal development is adequate for vision (between 12 and 15 days of age in the mouse and rat). In the species commonly used in toxicity studies, the eyelid presents a palpebral (inner) surface lined by conjunctiva, a specialized lid margin that contains openings for multiple meibomian (sebaceous) glands, and haired skin on the outer surface. Carnivores, rabbits, and humans present an almond-shaped eye fissure, while most rodents and nonhuman primates have a round one. Lid closure is moderated by the *orbicularis oculi* ([Figure 22a.2](#f0015){ref-type="fig"} ) and *levator palpebrae* muscles.Figure 22a.2Normal eyelid architecture from various mammalian species used in ocular toxicity testing.(A) Mouse, (B) rabbit, (C) dog, (D) nonhuman primate. Major features include haired skin on the external surface, nonhaired sebaceous (meibomian) glands with ducts reaching to the inner surface or mucocutaneous junction at the palpebral tip, and *orbicularis oculi* muscle (\*). H&E, (A) ×12.5; (B--D) ×40.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.6, p. 2114, with permission.

Of the test species of interest the dog, cat, and rabbit possess a *nictitating membrane (third eyelid)*, a large fold of conjunctiva that protrudes from the medial canthus over the corneal surface of the globe. The third eyelid is supported by a curved, T-shaped plate of hyaline cartilage, the base of which is surrounded by a mixed (seromucinous) gland, the gland of the third eyelid. The third eyelid mechanically protects the cornea, aids in tear distribution over the corneal surface, and contributes to 30%--50% of the aqueous portion of the tear film.

### Lacrimal System {#s0025}

The lacrimal system is comprised of a series of extraocular apocrine glands whose secretions contribute important elements to the tears that lubricate the surface of the eye. Primates (both human and nonhuman) only have one lacrimal gland, which is located dorsal and lateral to the globe. Dogs and cats have both an extraocular lacrimal gland and a gland of the third eyelid. Rodents and rabbits have lacrimal gland systems consisting of extraorbital (i.e., the exorbital lacrimal gland) and intraorbital (i.e., Harderian gland) components ([Figure 22a.3](#f0020){ref-type="fig"} ). The intraorbital component is located behind the globe, and generally in a medial (nasal) location. The *lacrimal gland* is a seromucinous gland that contributes mainly to the aqueous component of the tears. However, significant quantities of lipid are present in the secretion of Harderian glands, particularly in rabbits. The continual formation of tears that moistens the ocular surface is largely done by the small (minor) lacrimal glands of the conjunctival fornix, with the major lacrimal glands mainly producing the excess tear formation (crying) that results from ocular discomfort. In all species, the glands' secretions contain enzymes and cytokines as well as antimicrobial substances (peptides and proteins) that protect the ocular surfaces.Figure 22a.3Normal architecture of the Harderian and lacrimal glands.(A) High magnification image of the Harderian gland from an adult mouse showing the lipid vacuoles within the acinar epithelium and secreted porphyrin pigment within the lumen. (B) Low-magnification view of the mouse globe in situ showing the relative sizes of the Harderian (H) and lacrimal (L) glands. (C) The lacrimal and Harderian glands dissected from the orbit of a rabbit showing the difference in color. Scale, 1 interval= 1 mm. (A) H&E, ×200; (B) H&E, ×20.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.5, p. 2109, with permission.

The normal functions of the cornea are, in part, dependent on the existence of the *precorneal tear film*. This acellular fluid layer is adherent to the most superficial layer of the corneal epithelium and is composed of three main laminae: (1) the inner mucinous layer, secreted by the conjunctival goblet cells with contributions from the lacrimal glands, (2) the middle aqueous layer, secreted by the glands of the lacrimal system, and (3) the outer lipid layer, secreted by the sebaceous (meibomian) glands of the eyelid margins and the Harderian glands, particularly in rabbits. The tears are cleared from the ocular surface by a system of drainage ducts, in the conjunctiva near the medial canthus, called the nasolacrimal drainage system.

### Cornea and Conjunctiva {#s0030}

Together the cornea and conjunctiva form the ocular surface. The cornea is the central translucent zone through which light reaches the intraocular structures, and the conjunctiva is the opaque mucosal tissue that lines the inner aspect of the eyelids (palpebral conjunctiva), the surface of the sclera (bulbar conjunctiva), and (when present) the inner and outer aspects of the third eyelid.

The *conjunctiva* has several main functions. These are maintenance of the tear film by secreting its mucinous component and aiding in its redistribution during blinking, to provide a loose flexible connection between the globe and the skin, to act as a mechanical barrier, and local immune surveillance through the conjunctiva-associated lymphoid tissue.

The conjunctival epithelium is a thin, multilayered, nonkeratinized epithelium that contains many unevenly distributed goblet cells. At the limbus (the border between the cornea and the sclera), the conjunctival epithelium forms a specialized, circumferential zone containing the stem cells of the cornea. The cells that migrate and repopulate the corneal epithelium during normal cell turnover and under pathological cell loss that result in corneal defects are derived from these stem cells. The substantia propria, a connective tissue layer beneath the epithelium, contains numerous glands, and is densely populated with both blood and lymphatic vessels. The lymphatic vessels are more common than blood vessels in the underlying loose fibrous connective tissue.

The *cornea* is a highly specialized, highly ordered tissue with many unique anatomical features that render it transparent to light in the visible spectrum. The mammalian cornea is covered on the surface by several layers of nonkeratinizing, stratified squamous epithelium organized into three layers: a deep layer of basal cells resting on a basal lamina, an intermediate layer of "wing" cells, and a surface layer composed of multiple layers of squamous cells, the number of which depends on the species (mice, rats, and rabbits, 3--5 layers, and dogs, cats, and primates, 5--7). This epithelium has a remarkably uniform thickness and structural consistency across the entire surface of the cornea. A modified acellular region of stroma (Bowman's layer) composed of fine, randomly arranged collagen fibers is present posterior to the epithelial basal lamina in humans and nonhuman primates. Although Bowman's layer is not visible by light microscopy in the mouse, a thin layer of randomly arranged collagen fibrils can be seen immediately underneath the corneal epithelium by electron microscopy. The function of Bowman's membrane is not known. The bulk of the cornea is the stroma, which is located deep to Bowman's membrane (if one is present) or to the corneal epithelium ([Figure 22a.4](#f0025){ref-type="fig"} ). Optical transparency of the cornea stroma is dependent on a precise spatial relationship between stromal collagen fibers, noncollagenous matrix, and the functional stromal cells (keratocytes). A monolayer of low cuboidal epithelial cells (corneal endothelium) separates the cornea from the aqueous humor of the anterior chamber. The corneal endothelium secretes Descemet's membrane, a thick basement membrane positioned between the endothelium and the inner surface of the corneal stroma. Descemet's membrane is composed mainly of laminin, fibronectin, and type IV collagen, which gives it elastic properties. The morphology of corneal endothelium is similar across mammalian species, but cellular density can vary from 2211 cells/mm^2^ in the rat to 4450 cells/mm^2^ in nonhuman primates and humans. The endothelium actively moves water and electrolytes between the corneal stroma and anterior chamber, thus supplying the cornea with nutritional support from the aqueous while maintaining corneal transparency ([Figure 22a.5](#f0030){ref-type="fig"} ).Figure 22a.4Histopathological representations of the cornea.Axial (central) cornea from an adult mouse (A) and an adult dog (B) showing the relative thickness of the epithelium, stroma, Descemet's membrane (\*), and corneal endothelium (*arrow*) in these two species. (C) Epithelium and anterior stroma of the cornea from a nonhuman primate stained to show Bowman's membrane (\*). In all three images, the clear spaces within the stroma are processing artifacts and not vascular channels. (A) H&E, ×400; (B) H&E, ×400; (C) Periodic acid-Schiff (PAS), ×600.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.10, p. 2124, with permission.Figure 22a.5Normal architecture of the cornea.(A) Epithelium and superficial stroma from a nonhuman primate cornea. (B) Posterior corneal stroma bordered by Descemet's membrane (thick red band) and the corneal (posterior) endothelium from a nonhuman primate. (C) Scanning electron micrograph of the surface of the corneal endothelium from a dog. (A) H&E, ×400; (B) PAS, ×600; (C) ×2500.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.9, p. 2123, with permission.

### Sclera {#s0035}

The sclera forms the main part of the fibrous tunic of the eye and functions to protect the ocular contents, maintain intraocular pressure (IOP), and preserve the shape of the globe, even during contraction of the extraocular muscles, which have tendons inserted on the globe's surface. The sclera is relatively avascular and possesses great tensile strength, extensibility, and flexibility. It is composed of fibroblasts and dense irregular connective tissue containing mainly collagen type I. Anteriorly the sclera blends with the cornea at the limbus. The sclera surrounds the limbus and extends posteriorly where it is penetrated by the optic nerve exiting the eye at the lamina cribrosa. The sclera merges with dura mater that surrounds the optic nerve.

### Uveal Tract {#s0040}

The uveal tract (or uvea) forms the continuous, heavily vascularized middle tunic of the globe. Its main functions are to provide the globe's blood supply and, through its high melanin pigment content, absorb reflected light and prevent glare when light is focused on the retina. The uveal tract can be divided into iris, ciliary body (anterior uvea), and choroid (posterior uvea).

The *iris* is a thin contractile circular tissue analogous to a camera diaphragm. It is cantilevered across the front of the globe where it separates the anterior from the posterior chambers. The anterior chamber represents the space between the cornea and the anterior surface of the iris, while the posterior chamber is the space between the posterior surface of the iris, lens, and anterior face of the vitreous. The chambers are connected by the pupillary space, which is formed within the marginal rim of the iris. Both chambers contain aqueous humor. The anterior surface of the iris has no epithelial lining, so aqueous is free to diffuse from the iris stroma to the anterior chamber with no barrier. The iris stroma consists of a loose connective tissue containing fibroblasts, melanocytes, and collagen fibers. The posterior surface of the iris is lined by simple cuboidal pigmented epithelium (posterior pigmented epithelium), which is in direct contact with the posterior chamber. Tight junctions between these cells create a barrier between the posterior chamber and iris stroma. Contractile myoepithelial tissue forms the iris dilator muscle in the posterior iris stroma interior to the epithelium as well as the sphincter muscle that is positioned circumferentially at the leading edge of the iris ([Figure 22a.6](#f0035){ref-type="fig"} ).Figure 22a.6Normal architecture of the uvea.The iridocorneal angle (ICA), iris (\*), trabecular meshwork (TM), and ciliary body (CB) from an albino mouse (A), nonhuman primate (B), dark-eyed dog (C), and blue-eyed dog (D). Note the marked lack of pigmentation of the iris stroma, characteristic of light-colored eyes, in the mouse (A) and blue-eyed dog (D). (E) Posterior iris epithelium showing the pigmented posterior epithelium (PE), the anterior epithelium (AE) with melanin surrounding its nuclei on the apical (near the posterior epithelium) aspect, and the smooth muscle appearance of its basal aspect, which contains large amounts of myofilaments and forms the dilator muscle of the iris (DM). (F) The outer retina (R) and inner choroid (C) from a nonhuman primate that was perfusion-fixed to allow better observation of the capillary network, the choriocapillaris (cc). (A--D) H&E, ×12.5; (E) H&E, ×1000; (E) Toluidine blue, ×400.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.13, p. 2136, with permission.

The *ciliary body* is subdivided into (anterior) pars plicata and (posterior) pars plana. In the pars plicata, there are multiple radially arranged folds, known as the ciliary processes. The inner aspect of the ciliary body is lined by a neural tube-derived double epithelium composed of an inner layer of nonpigmented epithelium and an outer layer of pigmented epithelium. The ciliary epithelium secretes aqueous humor and vitreous glycosaminoglycans and collagen. The zonular ligaments that suspend the lens are also produced by the ciliary epithelium and are anchored on the epithelial apical basement membrane. The ciliary body stroma is similar to the iris stroma and contains the ciliary muscle, a smooth muscle which functions in visual accommodation by controlling the suspension of the lens and thereby its curvature. The ciliary muscle also plays a role in aqueous filtration in primates by regulating the tension of the trabecular meshwork (TM) at the level of Schlemm's canal. The relative tone of smooth muscle within the ciliary body controls the visual accommodation of the lens; thus the relative amount of smooth muscle present in the ciliary body is reflective of visual acuity. The ciliary muscle is robust in primates and accommodation is, by far, more effective in these species than in most other mammals. Accommodation is poor in rodents and dogs.

The *filtration apparatus* is made up of several structural features that function to reabsorb aqueous humor back into the blood. Aqueous is secreted into the posterior chamber, passes through the pupil into the anterior chamber, and is drained laterally though the TM situated within the iridocorneal angle (ICA) ([Figure 22a.6](#f0035){ref-type="fig"}). The balance between secretion and drainage of the aqueous humor determines intraocular pressure (IOP). The ICA is formed by the base of the iris and the corneal-scleral tunic. The ICA extends into the anterior ciliary body forming a recession, the ciliary cleft, or cilioscleral sinus, where the TM is located. The TM is composed of crisscrossing beams of collagen and elastin that are covered by a unique population of endothelial-like trabecular cells. The TM is subdivided into three distinct layers: corneoscleral meshwork (CSM), uveoscleral meshwork, and juxtacanalicular or cribriform meshwork (JCM). There are two major pathways of aqueous drainage: (1) the classic pathway and (2) the alternative pathway. For the classic pathway, aqueous flows through the JCM, collecting ducts \[Schlemm's canal, angular aqueous sinus, or angular aqueous plexus (AAP)\], intrascleral channels, and exits the eye though the episcleral and conjunctival veins. In primates, rats, and mice, aqueous flows into Schlemm's canal, a continuous circumferential duct lined by endothelium. Schlemm's canal is absent in dogs, cats, and rabbits, which instead have intermittent drainage canals called the AAP that connects the CSM to the intrascleral venous plexus ([Figure 22a.7](#f0040){ref-type="fig"} ). For the alternative pathway, aqueous flows into a potential space posterior to the TM (i.e., into the anterior face of the ciliary muscle and suprachoroidal space) just inside the sclera and is resorbed by vessels located within the choroid or sclera.Figure 22a.7Normal ultrastructural architecture of the trabecular meshwork (TM) and Schlemm's canal.(A) In the mouse, the TM, Schlemm's canal (\*), and sclera (SC) may be shown to be closely related by transmission electron microscopy (TEM). (B) Trabecular beams composed of trabecular endothelial cells (\*) surrounding a core of collagen fibers and small amounts of elastic fibers. (C) Detail of Schlemm's canal with vascular endothelial cells lining the lumen (central clear space). (A) TEM, ×2250; (B) TEM, ×3300; (C) TEM, ×7100.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.15, p. 2139, with permission.

The *choroid* is the posterior portion of the uvea, a layer of blood vessels and connective tissue situated between the sclera and the retina. The main functions of the choroid are to deliver oxygen and nutrients to the high-metabolizing cells located in the outer retina, provide a conduit for vessels traveling to other parts of the eye, and absorb excessive light radiation, thereby reducing the amount of light reflection back to the retina. The choroid supplies oxygen and nutrients to the retina primarily through the choriocapillaris, an extensive interconnected capillary network located posterior to the retinal pigmented epithelial (RPE) cells ([Figure 22a.6F](#f0035){ref-type="fig"}). The choriocapillaris is separated from the RPE layer by Bruch's membrane, a structure formed by five layers: the RPE basal lamina, an inner collagenous zone, a middle elastic layer, outer collagenous zone, and the basement membrane of the endothelial cells of the choriocapillaris ([Figure 22a.8](#f0045){ref-type="fig"} ). Bruch's membrane selectively filters the passage of macromolecules between the retina and choriocapillaris. Vessels of the choriocapillaris have a fenestrated endothelium through which macromolecules leak into the extracellular space of the choroid; this vascular network has the highest perfusion rate of any capillary bed in the body, which is reflective of the high metabolic demands of the ocular tissues. In humans, Bruch's membrane is subject to a variety of senescent changes representing a significant cause of age-related visual defects, including age-related macular degeneration (AMD).Figure 22a.8Normal architecture of Bruch's membrane.This structure lies between the retinal pigmented epithelium (RPE) and uveal capillary bed (choriocapillaris). (A) Image of the outer retina from a dog demonstrating the location and uniform thickness of the normal Bruch's membrane (*arrowheads*). (B) Bruch's membrane (*arrowhead*) from a nonhuman primate with hypertension and diabetes, demonstrating irregular thickening. (C) Bruch's membrane from a rat with outer retinal atrophy, showing an intact Bruch's membrane (*arrowhead*) in spite of the marked outer retinal atrophy. (D) Transmission electron micrograph (TEM) from a rat showing the normal ultrastructural appearance of Bruch's membrane (between the two *arrowheads*). (E) At higher magnification, Bruch's membrane consists of an inner layer (a), formed by the basal lamina of RPE cells, and an outer layer (b), formed by the basal lamina of the choriocapillaris (cc). Between these two basal laminae the membrane contains delicate layers of collagen and elastic tissue (\*). (A) Periodic acid-Schiff (PAS), ×200; (B) PAS, ×400; (C) Toluidine blue plastic section, ×200; (D) TEM, ×1025; (E) TEM, ×3100.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.14, p. 2138, with permission.

Most domestic species, including the dog and cat, have a tapetum lucidum, a layer of reflective tissue interspersed between the choriocapillaris and the mid-sized vessels. The tapetum is composed of a multilayered complex of polyhedral cells (iridocytes) that contain cytosplasmic light-reflective crystals. In the dog, these are composed of zinc cysteine ([Figure 22a.9](#f0050){ref-type="fig"} ). The tapetum is thought to enhance vision under scotopic (dim light) conditions by reflecting light that has passed through the retina back to the photoreceptors, increasing their activation. The organelles and crystal composition of these cells varies across species, and may have drug-binding characteristics that are also species variable.Figure 22a.9Normal architecture of the tapetum.(A) Cellular tapetum (T) typical of a carnivore, such as a dog or cat. (B) Fibrous tapetum (T) from a goat, which is made up of collagen. (A) H&E, ×100; (B) Masson's trichrome, ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.27, p. 2127, with permission.

### Lens {#s0045}

The lens is a transparent, exquisitely organized tissue composed of highly specialized cells (lens fibers) that plays an important role in the ocular optical system by refracting and focusing the light on the plane of the retina. It is suspended in the aqueous humor of the posterior chamber and held in place by the zonular fibers (zonules) and the anterior face of the vitreous body. Structurally the lens is composed of three parts: the lens capsule, the lens epithelium, and the lens fibers. The lens capsule is a thick and elastic basement membrane composed of collagen type IV and sulfated glycosaminoglycans. It is produced by the lens epithelium and completely envelops the lens. The anterior aspect of the capsule is characteristically thicker than the posterior portion. The lens epithelium is composed of simple cuboidal cells that are only present under the anterior and equatorial lens capsule. These cells become columnar and migrate toward the lens equator where they elongate, lose their nuclei, and transform to the relatively homogenous lens fibers that comprise the majority of the lens ([Figure 22a.10](#f0055){ref-type="fig"} ). As the lens fibers elongate, they expand to become hexagonal structures up to 4×7 µm in cross-section and up to 12 mm in length, extending from the anterior to the posterior pole of the lens.Figure 22a.10Normal architecture of the lens.(A) Low-magnification image of an adult mouse eye showing the large relative size of the lens compared to other components of the globe. (B) The anterior pole of a mouse lens fixed with Davidson's fixative showing individual profiles of well-differentiated lens fibers. (C) The posterior pole of the lens from an adult dog showing the posterior suture (curved seam in the middle where fibers meet). (D) The equator of a rabbit lens showing the nuclear bow (*bottom*). (A) H&E, ×40; (B) H&E, ×400; (C) H&E, ×600; (D) H&E, ×600.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.16, p. 2144, with permission.

### Vitreous {#s0050}

The vitreous body is an optically clear, viscoelastic, gel-like extracellular matrix that fills the vitreous cavity, the space that spans the distance from the posterior pole of the lens to the inner aspect of the retina. More than 95% of the vitreous gel weight is water, while the remaining balance is comprised of the structural components hyaluronon, heterotypic fibrils of collagens type II, V/XI, and IX; fibronectin; fibrillin; and opticin as well as a small population of resident macrophages (hyalocytes). The anterior face of the vitreous closest to the lens has a more robust collagen structure. The vitreous harbors matrix attachment points to the retinal inner limiting membrane, which help maintain the retina in place. Average vitreous volumes vary by species: human, 4.5 mL; dog, 2.9 mL; cynomolgus macaque, 2.2 mL; rabbit, 1.6 mL; rat, 0.03 mL (30 μL); and mouse, 0.01 mL (10 μL).

### Retina {#s0055}

The retina is a highly differentiated and complex multilayered neural tissue derived from an outward extension of the rostral neural tube. Vertebrate vision is initiated through the transduction of light energy to neural impulses by the retinal photoreceptors. The retina can be roughly divided into an inner and outer neural retina. The outer neural layer is supported by the retinal pigmented epithelium (RPE). The retina and RPE are not physically attached to one another, but are separated by a potential space. The outer neural retina, particularly the photoreceptor cells, consumes oxygen and nutrients at a higher rate than any other tissue in the body. For this reason, the choroidal blood supply to the RPE is designed to deliver oxygenated blood and remove metabolic wastes for the retina through high-volume, fast-flow rates. The metabolic needs of the inner retina are less than that of the outer retina, and are supplied by an endogenous retinal vasculature, which has a more conventional blood flow rate. Mice, rats, dogs, and nonhuman primates all have an extensive intrinsic retinal vascular bed (i.e., a holangiotic pattern) in addition to the choroidal system ([Figure 22a.11](#f0060){ref-type="fig"} ). In contrast, rabbits have a limited retinal vascular system (i.e., a merangiotic pattern), and most of the retina lacks an endogenous blood supply. Vessels in the rabbit are located internal to the surface of the medullary rays, and are attached to the retinal surface by glial cell processes. The metabolic needs of the rabbit retina are largely met through diffusion from the medullary ray vasculature.Figure 22a.11Gross anatomy of the optic fundus.(A) Albino mouse, holangiotic fundus with blood vessels radiating outward widely from the optic nerve head (ONH). (B) Albino rabbit, merangiotic retina, with retinal vessels emanating from the ONH only in discrete zones along the horizontal plane; these zones, or medullary rays (between *arrows*), represent a thick white band of myelinated nerve fibers that are characteristic of the rabbit. (C) Cat. Holangiotic retina, with retinal vessels departing the ONH in all directions but especially in the dorsomedial (dm), ventrolateral (vl), and ventromedial (vm) directions. The cat has a prominent, highly reflective yellow-green tapetal area (t) dorsally. (D) Nonhuman primate. Holangiotic fundus, with retinal vessels exiting the ONH in all directions but arcing around the relatively avascular---and thus vulnerable---macula (*dotted circle*). This fundus image is almost indistinguishable from a human fundus.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.22, p. 2160, with permission.

The *neural retina* is a nine-layered neural tissue responsible for phototransduction, and the signal processing across a three-neuron network that ultimately ends in the transmission of nerve impulses to the brain by the retinal ganglion cells. The layers of the neural retina are listed in the following order, from the inner to the outer layer of the retina ([Figure 22a.12](#f0065){ref-type="fig"} ).1.Inner limiting lamina (ILL). A thin, transparent basement membrane, synthesized by the basal foot processes of the Müller cells (retinal glia). The ILL separates the retina and the vitreous body.2.Nerve fiber layer. Axons from the retinal ganglion cells, interspersed with astrocytes and other glial cells, form the nerve fiber layer that course across the surface of the retina to converge at the optic disc, forming the optic nerve.3.Retinal ganglion cell layer. Ganglion cells are "third order" neurons that collect integrated signals from interneurons of the inner nuclear layer (INL) and transmit nerve impulses via the optic nerve to the brain. Astrocytes are also present in this layer.4.Inner plexiform layer (IPL). Synapses between retinal ganglion cells and the interneurons of the INL (bipolar, amacrine, and interplexiform cells) are formed in the IPL.5.Inner nuclear layer (INL). Nuclei of interneurons ("second order" neurons: bipolar, amacrine, horizontal, and interplexiform cells) and Müller cells (retinal glia) are housed in the INL.6.Outer plexiform layer (OPL). Houses the synapses between the photoreceptor cells and the interneurons of the INL. Horizontal cells form connections between groups of rods and cones through lateral synapses. Rod spherules and cone pedicles also reside in the OPL.7.Outer nuclear layer (ONL). Houses the cell bodies and nuclei of the rod and cone photoreceptors. Rod cell nuclei are distributed throughout the layer, while cone nuclei form a row inner to the external limiting membrane. Photoreceptor axons extend into the OPL, while dendrites form the photoreceptor segments.8.Outer limiting membrane (OLM). Visualized as a line on H&E, the OLM reflects the presence of an anastomosing network of tight junctions formed between photoreceptor cells and Müller cells.9.Photoreceptor Segments. Photoreceptor dendrites form the inner and outer segments of the retina. The portion of the dendrite residing in the inner segment has a high content of mitochondria, Golgi apparatuses, and rough endoplasmic reticulum, all of which are necessary for high-efficiency protein synthesis. Phototransduction occurs in the outer segment, which houses the discs of the rods and cones. Figure 22a.12Normal architecture of the retina.(A) Normal retina from an albino mouse. (B) Area centralis from a normal cat retina, with the retinal layers labeled from outside (bottom) to inside (upper). (C) Plastic section of the retina from a nonhuman primate. (D) Image of the fovea from a nonhuman primate retina. This site contains a heightened number of cone photoreceptors, and thus is critical for proper perception of color and visual acuity in bright light. (A,B) H&E, ×400; (C) Toluidine blue, ×400; (D) H&E, ×200. Abbreviations (listed from top): ILM, inner limiting membrane; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, outer limiting membrane; ISRC, inner segments of rods and cones; OSRC, outer segments of rods and cones.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.20, p. 2154, with permission.

While the circuitry and function of the retina is remarkably conserved in vertebrates, marked morphological variation in the retina does exist for among species. Perhaps the most important differences to be considered in toxicologic studies are the vascular pattern (described earlier) and distinctive distribution of photoreceptors (rods and cones). As a rule, the cones (which are specialized in the discrimination of color and detail) are concentrated in the central retina, while the rods \[adapted for performance in dim light (i.e., for low resolution)\] are more common at the peripheral retina. Most primates, including humans, possess a fovea (also termed the *fovea centralis*), which is a small circular region characterized by a higher concentration of cones. The fovea is located in the temporal retina near the optic nerve and is responsible for sharp vision. The fovea in primates in turn is surrounded by the macula, a larger retinal region that exhibits an increased ganglion cell density. In contrast, other laboratory animal species have an *area centralis*, a specialized region that has both more cones and greater retinal ganglion cell density. With the exception of rabbits, the area centralis often is located in the central retina temporal to the optic nerves. Rabbits possess a visual streak, which is a linear, horizontal band (2--3 mm wide) of increased cone and ganglion cell density. This visual streak is located \~3 mm ventral to the optic disc, and runs parallel and below the ventral margin of the medullary ray.

### Retinal Pigmented Epithelium {#s0060}

The RPE is derived from neural tube ectoderm and is analogous to ependymal cells in form and function. As the optic vesicle folds on itself to form the optic cup, the RPE remains as a single cell layer in direct contact with the outer cells of the neural retina, which eventually become the photoreceptor cells. The photoreceptor cells and the adjacent RPE function as a unit, and together are responsible for phototransduction.

The RPE cells are smooth and hexagonal in shape when viewed from the inner surface. In histologic sections, the RPE cells consist of an outer nonpigmented basal region with an oval nucleus and an inner, pigmented portion, which extends as a series of straight villous processes between the photoreceptor outer segments. The basal surface of the RPE cells is characterized by extensive infolding. The basal lamina of the RPE cell forms the innermost layer of the five-layered Bruch's membrane, which separates the retina from its rich vascular supply in the choriocapillaris. There is an anastomosing network of tight junctions near the apex of the RPE cell layer that forms the outer blood--retinal barrier, which is similar in structure and function to the blood--brain barrier ([Figure 22a.8](#f0045){ref-type="fig"}). The melanin pigment in the RPE protects the outer retina from excessive light reflection and glare, and thus from unrestrained oxidative damage. The RPE also secretes the interphotoreceptor matrix (IPM), a specialized extracellular matrix containing hyaluronan, proteoglycans, glycosaminoglycans, matrix metalloproteases, and growth and immunosuppressive factors that mediates key interactions between the photoreceptors and RPE including adhesion, phagocytosis, outer segment stability, nutrient exchange, development, and vitamin A trafficking in the visual cycle. The IPM also helps prevent vascular proliferation in the surrounding tissues.

### Optic Nerve {#s0065}

The term "optic nerve" is a misnomer since this structure actually is a central nervous system (CNS) tract. The optic nerve is composed primarily of the axons from retina ganglion cells (RGC), which extend from the inner retina, coursing posterior, and centripetally within the inner nerve fiber layer to converge into bundles at the optic nerve head (also known as the optic disc) and form the nerve. The position of the optic disc demonstrates some species variation. In dogs, primates, and rodents, it tends to be positioned in the equatorial region, in the rabbit, and in the dorsal posterior pole. The central area of the optic disc is depressed and is supported by a thickening of the retinal inner limiting membrane (called the supporting meniscus of Kuhnt). Before exiting the eye, the RGC axons are arranged into bundles surrounded by retinal astrocytes. As the axon bundles exit the eye posterior to the choroid, they transverse an open meshwork of horizontally oriented collagenous beams or plates continuous with the sclera (lamina cribrosa). The lamina cribrosa (LC) contains elastin and provides structural support for the nerve. In glaucoma, physical distortion of the globe resulting from elevated IOP causes outward bowing of the LC; the physical distortion and misalignment of the laminar plates results in axon compression, atrophy, and subsequent ganglion cell death. The composition of the LC is similar across species, but there are structural differences. Nonhuman primates, pigs, dogs, cats, and rabbits have a robust LC comparable to humans; in rats, single bundles of collagen form the trabeculae, resulting in a delicate LC ([Figure 22a.13](#f0070){ref-type="fig"} ). Mice do not have a distinct LC. The axons of the optic nerve are myelinated by oligodendrocytes; the extent of myelination varies across species. In dogs, myelination occurs within the optic disc, with variable extension within the peripapillary nerve fiber layer. The rabbit presents a unique arrangement in that it has a medullary ray, a myelinated and vascularized region on either side of the optic nerve. In other species (nonhuman primates, cats, pigs, and rodents), myelination commences at the outer margins of the LC similar to humans. The optic nerve proper is surrounded by extensions of the three meningeal sheaths of the CNS.Figure 22a.13Normal architecture of the optic nerve.(A) Mouse optic nerve, demonstrating the absence of the lamina cribrosa. The presence of pigmented cells within the optic nerve head is a normal variation. (B) Dog optic nerve, highlighting (in blue) the many parallel collagenous beams of the lamina cribrosa. (C) Rabbit optic nerve, showing the thick optic nerve head is composed of a large concentration of myelinated ganglion cell axons that form the retinal medullary ray and the vessels in the retinal surface (merangiotic vasculature). (D) Nonhuman primate optic nerve, resembling that of humans, has a prominent lamina cribrosa (*arrows*) and a central retinal artery that can be observed as a circular profile on the inner aspect of the optic nerve head. (A,D) H&E, ×12.5; (B) Masson's trichrome, ×100; (C) H&E, ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.31, p. 2173, with permission.

The neural signals initially processed by the retina are transmitted to the optical centers of the brain for further integration. Impulses arising in the retina travel via the axons of the ganglion cells through the optic nerves, where they undergo a variable degree of crossing (decussation) before entering the optic tract. Axon crossing is an adaptive feature that allows the brain optical centers to view the same hemispheric visual field from both eyes. Generally, fibers from the temporal retina project to the ipsilateral hemisphere while fibers from the nasal retina cross to the contralateral side. The amount of decussation, however, varies among species. The percentage of axonal crossover is approximately 50% in humans and most primates, 25% in dogs, 33% in cats, and up to 99% in rodents and rabbits. After leaving the optic chiasm and entering the optic tract, signals from the retina reach the lateral geniculate nucleus (LGN), a relay center in the thalamus that exerts dynamic control over the amount and nature of information that is transmitted to the visual processing centers of the brain. Primates and carnivores have a laminated dorsal LGN due to the large number of axons arriving from the contralateral retina, while rodents and rabbits (which have almost no decussation) do not exhibit LGN lamination. Axons from the LGN neurons form the optic radiations that relay visual signals to their final destination in the visual (occipital) cortex, where impulses will be integrated to produce images. In most mammals, the optic radiations also contain reciprocal fiber tracts of axons from neurons in the visual cortex that descend to the LGN and rostral (superior) colliculus (a midbrain structure, often termed the "optic tectum," that helps direct certain visual-related behaviors), thus enabling feedback control of the visual signal processing.

Evaluation of Toxicity {#s0070}
----------------------

### Use of Animal Models {#s0075}

In preclinical drug development, animal test systems are the backbone of hazard identification and risk assessment. While *in vitro* test systems are being used increasingly to probe relevant questions, none of the current methods for culturing ocular tissues can mimic the whole animal setting in performing these safety assessment functions. When choosing the most appropriate animal test system in an ocular toxicity experiment, many factors need to be considered. The most important of these factors are described here.

*The model should be well characterized*. The animal species that are commonly used as models in ocular toxicologic pathology are rodents (mouse, rat); rabbits; and larger animals (dog, nonhuman primate). Although there may be specific reasons to choose some other species, the bias for using one of these animal models is founded in the large mass of historic data (with well characterized background changes and expected variations), desirable husbandry characteristics, including knowledge regarding their potential effects on ocular health, and proven and familiar standard operating procedures and handling protocols.

*The model should be appropriate for the experimental question*. Although small rodents have incalculable value as test models in toxicologic pathology, the small size of the rodent eye and the relatively large size of the lens often preclude the use of such models when certain in-life procedures are a part of the experimental design. Some examples of procedures that are either unachievable or achievable only with great effort and/or risk in rodents are intraocular injections, sampling of aqueous or vitreous, tonometry (measures of IOP), fundoscopy (visual evaluation of the retina), and conventional surgery (e.g., glaucoma filtration procedures). On the other hand, the small eye size in rodents makes it possible to sample the entire eye by making serial or short-interval step sections through the globe.

*The model should be anatomically appropriate*. The usual species of interest when evaluating the impact of ocular toxicants to the visual system is the human. While eyes of vertebrates share many more similarities than differences regarding structure and function, many experimental hypotheses are most reliably answered using an animal model that best recapitulates the anatomic and functional properties of the human situation. Largely for this reason, nonhuman primates are almost a default favorite as the animal model of choice.

*The model should be useful for both acute and chronic studies*. It is not efficient to use animal models where aging is an important part of the testing strategy if the animal in question takes 10 years or longer to age. Laboratory rodents achieve advanced age in 2 years, making them useful for chronic toxicity studies.

*The model should be cost effective*. Small rodents provide obvious cost efficiency, although careful consideration should be given to the likelihood of success if certain protocols and procedures are to be employed.

*The model should be appropriate for answering questions about efficacy*. Many animal models of disease have been developed to mimic aspects of particular human ophthalmic diseases. These models may be useful in drug testing, particularly when evaluating molecule effectiveness. Some examples are genetically engineered mice models of the distinctive human retinal disease (e.g., Leber's congenital amaurosis) and spontaneous canine models of dry eye.

### Ocular Diagnostic and Functional Tests {#s0080}

Multiple experimental endpoints in toxicity and drug development studies are measured by clinicians or an ophthalmologist rather than a pathologist. For example, nonhuman primate models with induced high IOP treated with IOP-lowering drugs can be monitored rapidly and quantitatively by measuring the IOP antemortem using a tonometer without the need to necropsy valuable animals. Many analytical procedures are available for the clinical examination of eyes in live animals ([Figure 22a.14](#f0075){ref-type="fig"} ). The ophthalmic diagnostic and functional tests most commonly used in toxicology and drug development are described in [Table 22a.2](#t0015){ref-type="table"} .Figure 22a.14Special techniques for ocular safety assessment.(A--D) Fluorescein angiography of retinal vasculature. (A) Positive image of fluorescein angiography from a normal (control) nonhuman primate. (B) Negative image of fluorescein angiography from a nonhuman primate in which laser burns (dark spots) were used to destroy Bruch's membrane, causing vascular proliferation and leakage, as a model of age-related macular degeneration (AMD). (C) Fluorescein angiography of the retina of a human infant with vascular proliferation associated with retinopathy of prematurity, demonstrating proliferation of tortuous, newly formed vessels. (D) Fluorescein angiography of retina in a dog model of diabetic retinopathy, showing markedly thickened central vessels and proliferation of tortuous neovascular profiles. (E,F) Optical coherence tomography (OCT), which uses light waves to take high-resolution cross-sectional images of retinal layering. (E) Spectral domain OCT image of the macula from a normal nonhuman primate. The inner surface of the retina is located at the top of the image. The depressed central region represents the *fovea centralis*. (F) Spectral OCT showing an experimentally induced laser burn leading to retinal distortion (disruption of the normal retinal layering) in a nonhuman primate; again, the depressed central region is the *fovea centralis*.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figures 53.23 and 53.24, pp. 2161, 2162, with permission.Table 22a.2Ophthalmic Diagnostic Tests Commonly Used in Ocular Toxicity TestingTestMeasurementDescriptionSchirmer's tear testTear film aqueous productionAbsorbent paper placed in the conjunctival fornix measures the amount of tear produced in a defined period of timeTear film breakup timeFunction of mucin and lipid layers of the tear filmMeasurement of the time interval following a blink to the occurrence of a break in the tear filmFluorescein stainingDetection of corneal ulcersSodium fluorescein dye applied to the corneal surface bonds to exposed stromal allowing detection of epithelial defectsTonometryIntraocular pressure (IOP)Indirect measurement of the IOP through a tonometerPachymetryCorneal thicknessCorneal thickness measured by a contact ultrasound machineConfocal microscopyMorphology of the cornea*In vivo*, noninvasive microscopic imaging of the corneal epithelium, stroma, Descemet's membrane, and endotheliumSpecular microscopyMorphology of corneal endothelium*In vivo* noninvasive imaging of the corneal endothelial cellsGonioscopyMorphology of the iridocorneal angle (ICA)Clinical examination of the anterior chamber angle through a goniolens (a special type of contact lens)Ultrasound biomicroscopyMorphology of the anterior segment of the eyeHigh-frequency ultrasound is used to image the cornea, ICAs, iris, ciliary body, and lens. Can be used to determine corneal thickness and monitor changes in the ICA.Indirect/direct ophthalmoscopyMorphology of the posterior segment of the eyeIndirect ophthalmoscope provides binocular, inverted, and reversed wide field aerial image of the posterior segment of the eye. Technique of choice for routine screening.Fluorescein angiographyVascular integrity of intraocular structuresIntravascular fluorescein dye injection followed by multiple timed images of the iris, choroid, and retinaElectroretinography (ERG)Retinal functionMeasurement of the electrical potential generated by the retina when stimulated by lightVisual evoked potentialRetinal and optic nerve functionMeasurement of the brain's electrical response to a light stimulus in the eyeOptical coherence tomography (OCT)Morphology of the anterior segment, retina, and optic nerveHigh-resolution, noninvasive imaging technique that provides real-time cross-sectional imaging of ocular structure (more commonly retina and optic nerve) at an axial resolution of 2--10 μm

### Morphologic Examination of the Ocular Tissues {#s0085}

Light microscopic examination of the eye requires several factors including: knowledge of the clinical ophthalmic findings, an understanding of comparative ocular anatomy and histology, an awareness of iatrogenic ocular findings and artifacts, an awareness of toxicant-induced changes that may occur in ocular tissues, knowledge of appropriate terminology, and good histologic sections of globes. Of that list, one of the most basic factors, and conversely the one that generates the most enquiries, is the histologic processing of ocular tissues. The basic concepts and procedures for proper ocular tissue fixation and trimming vary from those of other tissues, and so deserve reiteration here.

#### Tissue Fixation and Handling {#s0090}

Intact globes usually will be fixed by immersion of the entire organ, typically with a portion of the optic nerve. When fixing larger eyes, an intravitreal (IVT) injection of the fixative (0.1--0.3 mL by a 25--27 ga needle) or initially submerging the eye in the fixative for a brief (5--30 minutes) period of time before making a small (5 mm long axis) window in the equatorial sclera are possible (but not necessary) additional steps to insure proper fixation. The excess soft tissues including eyelids, muscles, orbital tissues, and (in rodents) the Harderian glands typically should be removed before fixation. However, there are special circumstances where tissues adjacent to the globe should be kept intact and sampled along with the globe. These might include cases where a surgical field is important (e.g., to define where a glaucoma device was oriented, when analyzing the effects of subconjunctival injections, or to evaluate the invasiveness of a tumors adjacent to the eye). Many options exist for suitable fixation of ocular tissue, each with its own advantages and disadvantages. Regardless of the fixative used, the volume of tissue to be fixed should be kept to a minimum, without sacrificing the integrity of the tissue's anatomic orientation. In most cases, not less than 10 volumes of fixative should be used for one volume of tissue (e.g., 10 mL of solution per 1 gram of tissue). The commonly used fixatives for ocular tissues destined for microscopic evaluation are described in [Table 22a.3](#t0020){ref-type="table"} .Table 22a.3Common Ocular FixativesFixative solutionCompositionFixationUsePositive characteristicsNegative characteristics10% Formalin, neutral buffered (NBF)Formaldehyde (37%--40%)Distilled waterDisodium diphosphateMonosodium phosphate10%90%6.5 g4.0 g24--96h[a](#tbl223fna){ref-type="table-fn"}LM, IHCReadily available, excellent tissue penetration, reasonable histologic detail preservation, preservation of tissue color, gold standard for IHCLess than adequate tissue rigidity. Can lead to folding and artifactual retinal detachmentsDavidson's fixativeEthanol (95%)Formaldehyde (37%--40%)Glacial acetic acidDistilled water35%2%10%53%6--24 h (sg)24--48 h (lg)LMGood histologic preservation of the retina and lens, excellent tissue penetration (better with modified Davidson's), good tissue rigidityOpaque white discoloration of tissues, (impairs gross identification of landmarks and lesions). Over-fixation can cause artifacts: vacuolation of corneal epithelium and endothelium, oblong spaces in the corneal stroma, shattering of lens fibers and capsule, indistinct photoreceptor segmentsModified Davidson's fixativesEthanol (95%)Formaldehyde (37%--40%)Glacial acetic acidDistilled water15%30%5%50%Bouin's fixativePicric acidFormaldehyde (37%)Glacial acetic acid75%25%5%12--24 h (sg)24--48 h (lg)LMGood histologic preservation of the retina, decalcifies tissues, excellent tissue rigidityOpaque yellow discoloration of tissue, corrosive to metal, explosive potentialGlutaraldehydeGlutaraldehyde10% NBF50%50%12--24 h (sg)[b](#tbl223fnb){ref-type="table-fn"}24--48 h (lg)[b](#tbl223fnb){ref-type="table-fn"}EMGood histologic preservation, preservation of tissue colorVery poor tissue penetration, tissues fixed should be \<1 mm^3^Karnovsky's fixative16% paraformaldehyde10% glutaraldehyde0.2 M phosphate buffer (pH7.4)Distilled water17%31%50%2%12--24 h (sg)[b](#tbl223fnb){ref-type="table-fn"}24--48 h (lg)[b](#tbl223fnb){ref-type="table-fn"}EMGood histologic preservation, preservation of tissue color, better tissue penetration than glutaraldehydeStill relatively low tissue penetration, tissues fixed should be \<1 mm^3^Zenker'sDistilled waterPotassium dichromateMercuric chlorideGlacial acetic acid1 L25 g50 g50 g12--24 hLMExcellent fixation of nuclear chromatin, connective tissue fibers and some cytoplasmic featuresToxic, contains mercury[^2][^3][^4]

Tissue preparation by frozen sectioning on a cryostat is preferred for processing the eye when immunohistochemistry (IHC) using fixed tissue is not possible due to inadequate preservation of labile antigens or when preservation of enzymatic activity is need for histochemistry. Tissues may be frozen without fixation, or more commonly they may be fixed for a brief period (typically 30 minutes or less) in ice-cold neutral buffered 10% formalin to improve cell morphology. Specimens then should be transferred to 20% sucrose in Dulbecco's phosphate-buffered saline for 15 minutes and then dipped three times into a 1:1 mixture of 20% sucrose:tissue freezing medium. Next, the sample should be oriented in a cryomold surrounded by 100% freezing medium, frozen by immersion in liquid nitrogen-cooled isopentane, and stored at −80°C until sectioning.

#### Trimming the Eye {#s0095}

The default orientation for evaluating eyes of animal species other than nonhuman primates is the vertical median (midsagittal) plane, which samples both the tapetal \[typically dorsal (superior)\] and nontapetal \[typically ventral (inferior)\] portions of the retina. Exceptions are made in order to sample more effectively known or suspected lesions in the temporal or nasal aspects of the globe. The horizontal plane is the preferred default orientation in viewing eyes of nonhuman primates because the fovea is lateral (temporal) to the optic nerve head. In the extremely small eyes of rodents, trimming is to be avoided. Instead, the whole globe is submitted and oriented at the time of paraffin embedding. Rodent eyes are positioned in the vertical plane, and a central section through the pupil and the optic nerve is obtained by serial sectioning. For best results over time, select a standard technique for trimming globes of each species. This strategy will reliably provide sections with a single orientation and similar morphological features; such standardization will speed the pathologist's histopathological analysis. Generally, the goal should be to obtain an ocular section that includes the optic nerve and passes through the pupil. Below are several techniques that are helpful in obtaining reproducible sections among animals and across studies.

For large globes, make the initial trimming cut near the optic nerve. The lens is sectioned with a quick forceful cut while supporting the globe on the cutting board. A major advantage to this approach is that suitable sections for analysis may be obtained after facing only a few sections from the embedded tissue (just sufficient to reach the optic nerve). Another advantage is that the globe is cut close to the anatomic center, which is appealing for the purpose of macroscopic photography. The disadvantage is that the lens may be misplaced or damaged during trimming. To maximize the chances of preserving good lens morphology when trimming, make an initial off-center cut that avoids the lens. Subsequent step-sectioning once the tissue has been embedded in paraffin can be used to achieve a central cut through the lens and optic nerve. An advantage of this latter approach is that the lens is untouched during trimming and thus is less likely to be artifactually dislodged.

Ensure the inclusion of lesions in the plane of section. The ideal strategy is to have the clinician indicate the location of a focal lesion in the globe with a careful clinical description and/or drawings or photographs, as well as some indication directly on the tissue with a suture or another tissue-marking technique (e.g., insoluble ink applied to the outer surface). Gentle palpation of the globe often is valuable in detecting large localized lesions before sectioning. The orientation of the initial section can be changed in such a way as to sample the palpable lesion. Transillumination (candling) the globe by holding it in front of a bright light in a darkened room can help to localize an opaque focal lesion. Careful examination of the sectioned globe using a dissecting microscope also facilitates the identification of focal lesions. Additional steps may be indicated to sample a focal lesion. The primary calotte (i.e., the term used for an isolated portion of the globe) might be retrimmed so that only the segment of the globe with the lesion is embedded. The histology technician is then instructed to step-section to a specified depth to sample focal lesions. This added step is sometimes essential to fully characterize discrete lesions.

### *In Vivo* Ocular Irritation Test {#s0100}

The Draize test is an acute ocular toxicity test devised in 1944 to provide a method for assessing the irritation potential of materials that might accidentally come in contact with human eyes, such as household and office products, agricultural or environmental chemicals, and volatile organic compounds. Because of the widespread acceptance of this method, it was later adopted for testing eye care products and drugs designed specifically for topical ophthalmic use prior to marketing. The current Draize method involves the instillation of 10 µL of a test liquid (or 10 mg of a test solid) into the lower conjunctival cul-de-sac, followed by a saline rinse. Observations of various criteria (i.e., corneal opacity and area of corneal involvement, conjunctival hyperemia, chemosis, ocular discharges, and iris abnormalities) are taken at predefined intervals: 1 hour, 24 hours, 48 hours, 72 hours, 7 days, and 21 days after administration. The test is usually performed in rabbits due to their large eyes, well-described anatomy, ease of handling, relatively low cost, and ready availability. A slit-lamp examination has been added to allow better assessment of corneal lesions, and topical fluorescein is applied routinely to reveal any cornel ulceration. Optical or ultrasonic pachymetry now is implemented to measure the extent of corneal thickening. Although the Draize test is still the official model for eye irritation and toxicology studies worldwide, it has suffered major criticism in recent years due to the lack of objective quantification within its grading system, its unreliability in predicting chronic toxic reactions, and marked opposition by animal welfare groups.

### *In Vitro* Ocular Toxicity Tests {#s0105}

Several *in vitro* assays have been developed in order to circumvent the aforementioned limitations of the Draize test and to minimize the exposure of animals to potentially irritating materials. No single *in vitro* assay has been validated as a full regulatory replacement for the Draize test.

Key ocular-based platforms may be used for *in vitro* testing. *Isolated rabbit and chicken eyes* (removed immediately after death) are placed in a temperature-controlled chamber and perfused with physiological saline. Test substances are applied topically to the cornea and conjunctiva, and the effects are observed over several days with a slit-lamp biomicroscope. *Isolated corneal preparations* are typically limited to assessments of corneal irritation, and are done using isolated bovine corneas collected from slaughter houses. The corneas are mounted in specially designed holders, incubated in Eagle's minimum essential medium at 32°C, and exposed on the external surface to the test article for 1 hour. Subsequently, changes in the opacity and permeability of the corneal tissue are measured by an opacitometer and by spectrophotometry, respectively. The *corneal cup method* uses isolated fresh bovine corneas to form a "cup" that can be used to assess the local production of leukocyte chemotactic factors. The *corneal fluorescence probe method* measures the degree of epithelium permeability using penetrance of a fluorescent probe after application to fresh rabbit corneas. Cultured conjunctival, corneal, and lens epithelial cells are readily available without the need for specifically terminating test animals, and in some instances may be of human origin. Methods for assessing cytotoxicity in cell cultures include measurements of plasminogen activation and the ^51^Cr-release method.

Alternatives exist to the use of eyes and ocular derivatives for *in vitro* ocular irritancy testing. The *Eytex system* is a corneal opacification assay that uses a vegetable protein gel extracted from jack beans (*Canavalia ensiformis*). It predicts ocular irritation of materials based on alterations induced in its vegetable protein matrix. This method is quantitative and reproducible and presents a high degree of correlation to the Draize test.

Substances that irritate ocular tissues also have the potential to cause irritation in other sensitive nonocular tissues. The *chicken egg test (Huhner-Embryonen test)* uses embryonated hens\' eggs to demonstrate chemical toxicity through embryo lethality, teratogenicity, and systemic toxicity. It is considered a borderline assay falling between an *in vivo* test and *in vitro* test. Chicken eggs also provide chorioallantoic membrane (CAM) for the *chorioallantoic membrane test*. In this method the vascular CAM is exposed to the test article in multiple dilutions, and the tissue is scored for irritation effects such as hyperemia, hemorrhages, and coagulation activity. *Mucous membranes* from other tissues may be used to assess chemical irritancy. Examples include the rat vaginal mucosa (using prostenoid production as an indicator) and also mouse and rabbit ileum mucosa (using altered contractility as an index).

Response to Injury by Specific Ocular Tissues {#s0110}
---------------------------------------------

### Lacrimal System {#s0115}

All of the glands comprising the lacrimal system are apocrine glands, and they respond to injury much like other apocrine glands throughout the body. They are prone to ductular obstruction secondary to inflammation. This often leads to ascending inflammation affecting the gland acini and can result eventually in atrophy. Lymphocytic clusters among acini are a common background lesion in safety studies, especially in rodents. Viruses such as sialodacryoadenitis virus (SDAV), a coronavirus of rats, can directly infect the acinar epithelium in lacrimal glands as well as salivary glands, leading to necrosis, inflammation (intra- and periacinar), and periacinar fibrosis, which ultimately may lead to atrophy of the remaining parenchyma. Chronic infection with SDAV can cause corneal desiccation \[keratoconjunctivitis sicca (KCS)\], corneal ulceration and uveitis leading to hyphema (blood accumulation in the anterior chamber), intraocular inflammation, formation of fibrovascular membranes over the iris (preiridal fibrovascular membrane), and eventually to obstruction of the aqueous outflow pathways with secondary (unilateral or bilateral) glaucoma.

Squamous metaplasia of the epithelium lining lacrimal gland ducts is occasionally seen. This change is usually idiopathic, but metaplasia associated with vitamin A deficiency is a possible cause. Ionizing irradiation used for cancer therapy can affect the lacrimal glands, leading to acinar atrophy. The exact mechanism for this atrophy is unclear, but the likely explanation is that cumulative gene damage in irradiated stem cells leads to their apoptosis and a reduced capacity to regenerate gland acinar epithelium.

Like other apocrine glands, lacrimal and Harderian glands are capable of neoplastic transformation. These tumors occur in aged rodents (more common in mice than rats or hamsters), dogs, and cats (the last two presenting only with lacrimal tumors since they do not have Harderian glands). The spectrum of neoplasms seen in lacrimal glands is similar to those that develop in other apocrine glands: acinar, ductular, or solid adenomas (benign) or adenocarcinomas (malignant). When the myoepithelial component that surrounds acini is involved, the architecture can form complex tumors that includes both epithelial and spindle cell components (with the spindle cell element ranging from minimal to major); if there is osseous or cartilaginous metaplasia of the myoepithelial component, truly mixed tumors can arise in lacrimal glands. Rarely, the mesenchymal component will be the predominant malignant cell population so that osteosarcoma or chondrosarcoma may arise as a primary tumor in a lacrimal gland.

### Eyelids {#s0120}

The response of eyelid tissue to injury is not complicated. The most common reaction is inflammation secondary to infection or trauma. Subsequent fibrosis (scarring) can have a profound effect on the function of the lid by interfering with its motion or conformation. An inwardly turned lid (entropion), usually affecting the lower lid, can result in hairs contacting the cornea. This abnormal interaction causes pain and irritation and may lead to erosion or ulceration of the cornea. In contrast, an outwardly turned lower lid (ectropion) can invite spillage of tears, which can result in \"dry eye\" (KCS) and secondary infection. Weakening of the dorsal (superior) tarsal muscle associated with a defect in sympathetic innervation, as in Horner's syndrome, causes ptosis (drooping of the upper eyelid). Blepharospasm, the abnormal contraction or twitching of an eyelid, is a nonspecific response to painful or irritating stimuli. This clinical abnormality can be triggered by many factors, including conjunctival or corneal irritation or even injury or inflammation in the uvea. The identification of blepharospasm is important when clinically accessing the immediate response to topically administered drugs and ocular discomfort. Neoplasms may develop from any of the structures in the eyelid, including the skin. The most commonly reported tumors include papilloma, squamous cell carcinoma, peripheral nerve sheath tumors, melanocytomas/melanomas, and sebaceous and meibomian gland adenomas.

### Conjunctiva {#s0125}

The conjunctiva responds to injury like most mucous membranes of the body. The most common diseases of the conjunctiva are inflammatory (*conjunctivitis*). Most species have viral diseases that affect the conjunctival epithelium, causing epithelial necrosis and ulceration that often lead to secondary bacterial conjunctivitis with suppurative inflammation and tissue destruction. The conjunctiva also is a common site to manifest allergic diseases, presenting as acute eosinophilic inflammation with edema driven by local mast cell infiltration. A varied pattern of inflammatory reactions can be found within the conjunctiva, ranging from dispersed lymphoplasmacytic to granulomatous to perivascular lymphocytic lesions with neutrophilic vasculitis. Infectious agents are hardly ever associated with these inflammatory infiltrates, suggesting that such infiltration results from an immune-mediated reaction of unknown etiology. With chronicity, squamous metaplasia of the conjunctival epithelium can occur. If generalized, this metaplastic change can reduce the numbers of mucus-producing goblet cells leading to a vicious cycle of tear film dysfunction and dry eye that can eventually progress to permanent KCS. The conjunctival surface is exposed to ultraviolet (UV) radiation and thus also can react with dysplastic changes and neoplastic transformation. Tumors typically exhibit squamous cell differentiation, but dogs also may develop vascular endothelial neoplasia. In general, these conjunctival changes are not reported to reflect prior exposure to toxicants.

### Cornea {#s0130}

*Atrophy of the corneal epithelium* is characterized by a decrease in the numbers of corneal epithelial cells and/or a thinning of the epithelial layers. Corneal epithelial atrophy can be secondary to stromal changes, especially edema or a deficiency of the limbal stem cells that replenish the corneal epithelium. The corneal epithelium does not have a native stem cell population, so there is a limited capacity of the epithelium to proliferate in response to injury. After ulceration, the existing epithelial cells disconnect from each other and migrate to cover the wound (a process termed "restitution"). However, newly differentiated corneal epithelial cells are recruited from a stem cell population that exists only in the conjunctiva at the limbus. If this population of cells is destroyed (e.g., by herpes virus, chemical burns, necrotizing inflammation, or some other disease process), the corneal epithelium is at grave risk of permanent deficiency. Conjunctival epithelium will regenerate over the corneal surface, but this scar will not achieve the same optical clarity as normal corneal epithelium since it lacks the differentiation state needed to maintain the proper tissue organization to permit light passage at the proper angle. In addition, the scar will remain thin and at risk of renewed ulceration or even a full-thickness corneal rupture. Limbal stem cell transplantation from the healthy eye to the diseased eye has made it possible for affected humans to regain the function of unilateral eye damage.

*Corneal epithelial hyperplasia*, *keratinization*, and *melanin pigmentation* are nonspecific responses of the corneal epithelium to chronic injury. These lesions are seen in the late stages of chronic keratitis, corneal surface exposure (exposure keratopathy), and dry eye, and are characterized by thickening and keratinization of the epithelium, along with rete ridge formation and migration of melanocytes leading to pigmentation of the basal layers ([Figure 22a.15](#f0080){ref-type="fig"} ).Figure 22a.15Pigmentary keratitis.Gross image of a formalin-fixed dog cornea exhibiting marked opacity and dark pigmentation as reactive changes to a chronic inflammatory process. Inset: Histological section corresponding to the region of the cornea marked with a white line. Note the marked corneal hyperplasia and hyperkeratosis and pigmentation of the basal layers of the corneal epithelium and superficial corneal stroma. Scale, 1 interval=1 mm. Inset: H&E, ×100.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.8, p. 2120, with permission.

*Corneal epithelial ulceration* and *erosions* can be associated with trauma, reduced tear production resulting in dry eyes, exposure to topical or gaseous caustic agents, and corneal mineralization. Abrasions may be incidental in rodents, often related to caging conditions or environmental irritants. Direct trauma with epithelial ulceration can provide a portal for bacterial colonization, and an edematous cornea secondary to damage at the corneal endothelium makes the risk of infection and progressive stromal damage all the more serious. Ulcerations are usually associated with corneal stromal *vascularization* and *inflammation (keratitis)*.

*Corneal stromal lipidosis*. Metabolic disorders, tumors, or hemorrhage can lead to deposition of lipid or the formation of lipid granulomas (often with high cholesterol content) in the corneal stroma. Similar deposits of iron (usually after hemorrhage) and calcium (mineralization) in the superficial stroma may develop if the tear film is allowed to dry ([Figure 22a.16](#f0085){ref-type="fig"} ).Figure 22a.16Corneal deposits.(A) Gross image of a dorso-ventral section of a dog globe showing yellow material, consistent with lipid, deposited in the corneal stroma (*arrow*). (B) Histologic section presenting a large cholesterol granuloma, comprised of numerous cholesterol clefts surrounded by a marked granulomatous reaction, embedded in the deep corneal stroma. (C) Gross image of a rabbit cornea showing white irregular plaques, composed of mineral and lipids deposited in the corneal stroma. (D) Multiple brick-shaped cholesterol crystals embedded in the corneal epithelium of the rabbit in C. (B) H&E, ×100; (D) H&E, ×400.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.12, p. 2131, with permission.

*Corneal subepithelial and stromal mineralization* (corneal dystrophy, calcific band keratopathies, dystrophic calcification) is a relatively common lesion that can be associated with hypercalcemia and metastatic mineralization, or more commonly as a secondary response to chronic corneal irritation and/or ulceration. Mineralization has also been associated with high ammonia levels due to urease-positive bacteria in the bedding. It is a prominent feature of spontaneous corneal pathology in some mouse strains. For instance, BALB/c, C3H, and DBA/2J, mice frequently possess Von Kossa-positive, extracellular, basophilic corneal deposits of mineral that are age-related in incidence and severity and may be associated with focal corneal thinning and ulceration. Interestingly, these mouse strains are also prone to spontaneous cardiac calcinosis.

*Corneal edema* results from water accumulation in the stroma. The optical clarity of the cornea is dependent on the precise special distribution of keratocytes (i.e., stromal fibroblasts), collagen and proteoglycans in the stroma. Even slight fluid accumulation in the corneal stroma leads to a shift from transparent and colorless to translucent blue ([Figure 22a.17](#f0090){ref-type="fig"} ). The normal corneal stroma is maintained in a slightly dehydrated state by the intact epithelium, the exclusion of blood vessels from the stroma and, importantly, by the energy-dependent removal of fluid into the anterior chamber across a pressure gradient created by the corneal endothelial cells. Due to the importance of maintaining normal levels of transparency and light refractivity, the cornea presents a very low threshold of tolerance for damage.Figure 22a.17Corneal endothelial lesions.(A) Clinical image of a dog eye with a diffusely opaque and blue cornea secondary to edema caused by corneal endothelial loss. (B) Attenuated corneal endothelium in a dog with a hereditary endothelial dysplasia. Note the discontinuity and nuclear condensation in the endothelial cell layer beneath the thick eosinophilic band of Descemet's membrane. The stromal connective tissue exhibits an abnormal granular appearance, likely a reflection of fluid accumulation due to disruption of the endothelial barrier. (C) Replacement of the endothelium with a fibrous layer (retrocorneal membrane, \*) in a dog secondary to longstanding mechanical disruption of the endothelium. Using Descemet's membrane as a reference, note the increased thickness of the retrocorneal membrane relative to the normal endothelial cell monolayer. (D) Retrocorneal membrane in a dog associated with disorganized deposits of basement membrane proteins. (B) H&E, ×600; (C) H&E, ×200; (D) Periodic acid-Schiff (PAS), ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.11, p. 2126, with permission.

Several toxic effects might be associated with corneal edema. For example, permeability of the surface epithelium may be altered. This can occur as a result of physical or chemical damage to the epithelium and is important when irritants come in contact with the ocular surface. Second, the structural integrity of the stroma may be disrupted. This can be caused by damaging the profile of cytokines, which regulate the balance in the arrangement and composition of the stromal elements. Deposition of lipids, mineral, and/or molecules, which might enhance the colloidal pressure in the stroma, can also cause the stroma to become opaque. Third, vascularization of the stroma and/or enhanced permeability of the limbal blood vessels may impact the ability of the cornea to bar the entry of excess fluid. Toxicant-induced changes in vascular permeability can lead to corneal edema even if new blood vessels do not proliferate into the corneal stroma. Finally, malfunction of the corneal endothelium will predispose to fluid accumulation within the corneal stroma due to the cessation of its active transfer from the corneal stroma of excess fluid. Microscopically, corneal stromal edema is characterized by paleness an irregular expansion of the stromal lamellae sometimes associated with edema and spongiosis of the adjacent epithelium and subepithelial cleft formation. It is important, and sometimes challenging, to differentiate stromal edema from artifactual splitting of the corneal lamellae, a very common and almost predictable artifact following conventional histological processing.

*Corneal stromal collagenolysis (keratomalacia)*. Many factors that affect the health of the corneal stroma induce the release of matrix metalloproteinases, which can degrade the stromal collagen. In the worst cases, the collagenolysis is so fast and complete that the corneal stroma can be completely dissolved in a day or less. An example is the "melting" corneal ulcer, a devastating disease that is rare in humans but occurs frequently as a spontaneous condition in dogs, particularly the Shih Tzu breed. Affected dogs present with an acute episode of corneal opacity and edema that is cause by abrupt qualitative changes in the corneal stroma: loss of stromal lamellar architecture and severe liquefaction (collagenolysis) of the tissue, usually associated with marked neutrophilic infiltration. If left unchecked, extensive areas of the corneal stroma are affected, and the lesion evolves to a descemetocele (prolapse of Descemet's membrane through an eroded corneal epithelium and stroma) and eventually corneal perforation.

*Corneal stroma fibrosis* and *neovascularization* are nonspecific responses of the corneal stroma to injury. Neovascularization is usually seen in response to corneal ulceration and inflammation, but it can also be stimulated by intraocular lesions such as endophthalmitis. Vessels start proliferating from the limbus into the peripheral corneal stroma approximately 3 days after the initial stimulus and progress centrally at a rate of approximately one-corneal-thickness (i.e., approximately 100--600 μm) per day. Corneal stromal fibrosis is seen in the late stages of chronic keratitis, corneal surface exposure (exposure keratopathy), and dry eye or as a reparative response after corneal wounds. Histologically, fibrosis is characterized by areas of randomly deposited dense collagen with increase numbers of fusiform cells and loss of the normal parallel arrangement of the corneal stroma---all of which lead to permanent opacity in the affected portion of the cornea.

*Corneal inflammation (keratitis)* can be present as a response to a variety of possible causes, such as corneal ulceration with or without secondary infections, chronic corneal exposure and dry eye, mechanical irritation, toxic and chemical reactions, photosensitization, immune-mediated processes, and others. The type of leukocyte response varies with the inciting cause, but usually neutrophils predominate in acute and subacute processes while the number of lymphocytes and macrophages increases with chronicity.

The *corneal endothelium* in most mammalian species presents a very limited proliferative capacity. That said, although rare, the corneal endothelium can respond to injury by proliferating. In such instances, the corneal endothelium migrates over the ICA and anterior aspect of the iris and sometimes produces a Descemet's membrane-like material. This phenomenon is known as endothelialization and is associated with iridocorneal endothelial (ICE) syndrome and some forms of glaucoma in humans. In mice, ICE syndrome occurs in the DBA/2J and AKXD-28/Ty strains and can lead to progressive angle closure glaucoma.

*Corneal endothelial attenuation* may significantly impact corneal function because of its limited proliferative capacity. When endothelial cells are lost to injury or aging, the tissue attempts to cover the resulting defect by enlargement and stretching of the adjacent cells. Despite this adaptation, with time there is a critical point at which endothelial cells are unable to adequately sustain their function simply because there are too few of them. Microscopically, corneal endothelium attenuation presents as flattened and enlarged cells with an overall decrease in cell numbers and possibly associated corneal stromal edema ([Figure 22a.17](#f0090){ref-type="fig"}).

*Doubling* and *breaks in Descemet's membrane* are usually seen secondary to traumatic events. These lesions can be accompanied by a fibrovascular formation on Descemet's surface (retrocorneal membranes) and/or fibroplasia of the deep corneal stroma. Multiple small breaks in Descemet's membranes can be seen in conjunction with globe enlargement secondary to glaucoma (buphthalmos). In this instance, these breaks are called *Haab's stria*, and they represent linear (usually horizontal) fissures in Descemet's membrane.

### Uvea {#s0135}

*Fibrovascular membranes* result from proliferation of stromal and vascular tissue in the uvea. Because of the need for transparency in the light-transmitting media of the globe, vascular proliferation is tightly regulated. There are many disease states where the release of angiogenic molecules leads to neovascular proliferation associated with the uveal tissue. These membranes are seldom actually within the uveal tissue but rather extend out along the surfaces of the iris, ciliary body, and/or choroid, sometimes extending into the anterior and posterior chambers, vitreous and subretinal spaces. Such fibrovascular membranes can lead to synechiae \[i.e., adherence of the iris to either the cornea (anterior synechia) or lens (posterior synechia)\], ICA closure, and/or hemorrhage. When severe, the membranes block the aqueous outflow, increase IOP, and initiate glaucoma. Retinal hypoxia as a result of restricted perfusion or retinal detachment and subsequent release of pro-angiogenic factors \[e.g., vascular endothelial growth factor (VEGF)\] in the ocular chambers is a common cause of fibrovascular membrane formation; two diseases resulting from production of such factors are neovascular glaucoma and choroidal neovascularization in the "wet" form of AMD. Intraocular inflammation, deep ocular trauma, and intraocular tumors are other possible causes. Microscopically, these membranes are characterized by fusiform cells and small vascular sprouts surrounded by collagen fibers. The amount of collagen production and degree of vascular proliferation in these membranes vary markedly.

*Uveal inflammation (uveitis)*. Anterior uveitis refers to inflammation of the iris and ciliary body. Posterior uveitis refers to inflammation of the choroid, which is more commonly denominated choroiditis. When the inflammatory process affects both the anterior and posterior uvea, it is termed panuveitis. Ocular trauma, irritation secondary to intraocular devices, or intracameral injections (i.e., into either the anterior or posterior chamber) may cause uveal inflammation.

Inflammation secondary to a toxic event must be differentiated from leukocyte accumulation as a spontaneous background change. Cynomolgus monkeys exhibit foci of uveal lymphocytic infiltration as an idiopathic background change. A review of hundreds of archival samples shows that these lymphocytic foci are seen in the ciliary body and choroid of approximately 27% of naïve control animals. Such infiltrates usually present as unilateral, focal, minimal to mild, lymphocytic aggregates with few plasma cells, most often in the *pars plana* of the ciliary body. Mononuclear cell infiltration in the iris, ciliary, and ICA is also observed as relatively frequent nonspecific change in rabbits. Rats and aged mice also develop spontaneous leukocyte infiltration of the anterior uvea. This control finding is properly considered an infiltration (i.e., cell accumulation of no pathologic significance) rather than an inflammation (i.e., where the accumulating cells actually damage the affected tissue).

*Hyperpigmentation* and *depigmentation* of the uvea are nonspecific alterations that can be associated with multiple causes. Hyperpigmentation can occur following systemic administration of compounds such as urethane in neonatal hooded rats or topical application of prostanoid compounds such as latanoprost. Increased pigment deposition occurs in DBA/2J mice homozygous for iris pigment dispersion or iris stromal atrophy. Decreased pigmentation may be associated with uveal inflammation or edema, and can also present as an aging change.

### Lens {#s0140}

When reporting lenticular changes, it is important to fully characterize the pathologic changes. Features to describe include the lesion distribution (unilateral or bilateral, focal, multifocal or diffuse), tissues affected (capsule, epithelium, or fibers); and anatomical location in the lens (anterior, equatorial, or posterior; subcapsular, cortical, or nuclear). It is important to recognize that some lenticular opacifications observed clinically are reversible and usually do not present corresponding microscopic lesions. Reversible lens opacification can be induced by cold temperature, dehydration, asphyxia, anoxia, stress, and certain chemicals and drugs (see mechanism of toxicity section).

*Cataract (degeneration)*. Transparency and refraction of light are the main functions of the lens, and toxicity may be manifested by changes in these features. The most readily apparent is a change in transparency, which is defined as a cataract. Not all cataractous changes can be detected microscopically. A good example is changes in the lens nucleus (or core) diagnosed clinically as nuclear cataract. In addition, cataracts may manifest histologically by changes indistinguishable from certain tissue artifacts related to sectioning and fixation. It is important to identify genuine lenticular changes to avoid misinterpreting lens artifacts as lesions. The most reliable cataract-related lesions that can be demonstrated using a microscope include swelling of lens fibers, formation of Morgagnian globules (large degenerate anuclear fibers) and bladder cells (large degenerate fibers with nuclei or nuclear fragments), liquefaction and mineralization of the cortical lens fibers, migration of the lens epithelial cells (normally only present in the inner aspect of the anterior lens capsule) along the inner surface of the posterior lens capsule, spindle cell (fibrous) metaplasia, and hyperplasia of the lens epithelial cells and wrinkling of the lens capsule ([Figure 22a.18](#f0095){ref-type="fig"} ).Figure 22a.18Congenital cataract.(A) Subgross view of a mouse globe with a cataract distorting the posterior pole of the lens. (B) Lens from a mouse with fairly normal equatorial regions but abnormal nucleus that protrudes caudally to disrupt the posterior pole of the lens. (C) Posterior migration of the lens epithelium (posterior cortical cataract) in a young mouse with persistence of the *tunica vascularis lentis* on the surface of the lens. (D) Cortical cataract at the posterior suture. (A) H&E, ×12.5; (B) H&E, ×100; (C,D) H&E, ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.17, p. 2146, with permission.

Posterior migration of the lens epithelium is usually one of the earlier morphologic findings in cataracts. Another early morphologic change that appears to be more specific to mice is internal migration of nucleated lens epithelial cells beyond the nuclear bowl, especially at the lens equator. These initial changes are particularly important to be recognized when screening for morphological phenotypes, especially in developmental cataracts. Morgagnian globules and bladder cells are formed when abnormal cellular metabolism in lens epithelium causes cytoplasmic accumulation of coarse granular material that causes the cells to swell. Mineralization and liquefaction of the lens fibers are often present in advanced (chronic) cataracts. The contents of the liquefied lens fibers have the potential of leaking though the intact lens capsule, where they may incite an intraocular immune-mediated response culminating in uveitis. Lens epithelial cells can undergo spindle cell metaplasia and deposit collagen within the subcapsular space, creating a pattern of opacification clinically referred to as subcapsular cataracts. The metaplastic cells atrophy over time, and often only the collagen remains ([Figure 22a.19](#f0100){ref-type="fig"} ).Figure 22a.19Pathology of the lens.(A,B) Lens fiber swelling in the anterior cortex of a mouse eye, indicative of cortical cataract; Davidson's fixative. (C,D) Collagen deposition, spindle cell metaplasia of lens epithelial cells, and lens fiber mineralization as part of a subcapsular cataract. The lens capsule is ruptured and coiling in D. (E) Morgagnian globules (round and swollen degenerate lens fibers without nuclei) and bladder cells (swollen degenerate lens fibers with nuclei or nuclear fragments) with extensive disorganization of the lens fibers in a mature cortical cataract. (F) Collagen (blue) subtending the lens capsule (thick upper red band) secondary to spindle cell metaplasia of lens epithelial cells in the formation of a subcapsular cataract. (A) H&E, ×200; (B) H&E, ×400; (C) H&E, ×600; (D) H&E, ×400; (E) H&E, ×100; (F) Masson's trichrome, ×600.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.18, p. 2150, with permission.

*Lens capsule rupture* usually affects the posterior lens capsule, which is thinner than the anterior capsule. Lens capsule rupture usually occurs as a posttraumatic event (blunt or perforating trauma, including iatrogenic perforation after intraocular injections) but it can also occur secondary to fast developing (intumescent) cataracts, as seen in diabetic cataracts in dogs, or secondary to granulomatous lenticular inflammation in rabbits infected with *Encephalitozoon cuniculi*. Regardless of the cause, lens protein and fibers are exposed and extruded into the intraocular chambers after capsule rupture usually causing a secondary endophthalmitis and/or uveitis (phacoclastic inflammation). The inflammation associated with release of lens proteins is an autoimmune reaction produced by exposure to "foreign antigens" from the lens interior (which is an immunologically privileged site). Some mutant mouse models develop spontaneous rupture of the lens capsule. These include lens rupture (*lr)*, lens opacity 10 (*Lop10*), and lens opacity 12 (*Lop 12*) animals. Unlike traumatic lens capsule rupture in most species, where a granulomatous inflammatory reaction occurs, these genetically mediated ruptures seldom mount an inflammatory response; the reason for this phenomenon is unknown.

It is very important to differentiate real lens capsule rupture from artifactual rupture produced during sectioning of the ocular tissues. The most reliable histologic changes associated with genuine lens capsule rupture are coiling of the free edges of the ruptured capsule away from the site of the break and infiltration of inflammatory cells among the exposed lens fibers. Because of the three-dimensional structure of the lens and the focal nature of some lesions, the exact point of capsule rupture might not be sampled in a given section. In these situations, the presence of inflammatory cells in the intralenticular space interacting with the lens fibers is evidence of lens capsule rupture at another location in the lens.

*Lens luxation* may present as dislocation either anteriorly or posteriorly. Primary lens luxation occurs in dogs (typically terrier breeds) that carry mutations affecting ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) 10, leading to dysplastic zonular fibers and zonular instability (weakness). This ADAMTS 10 mutation also has been described in a colony of beagle dogs that exhibit a primary glaucoma phenotype. These beagles traditionally have been used as an animal model of primary open angle glaucoma in humans.

Lens luxation is more commonly seen in association with trauma, secondary to glaucoma with buphthalmos (enlargement of the globe leading to rupture of the zonular fibers), and hypermature cataracts (where wrinkling of the lens capsule leads to rupture of the zonular fibers). Since the lens can be easily artifactually dislocated while trimming the eye, the adequate diagnosis of lens luxation relies heavily on the clinical and gross identification of a dislocated lens. If the lens is firmly entrapped in the anterior chamber or vitreous, the microscopic diagnosis of luxation is simple. Otherwise, the clinical and macroscopic diagnosis of lens luxation can be supported by the histologic findings of attenuation of the corneal endothelium (suggesting the lens was in contact with the corneal endothelial cells), posterior curving of the iris leaflets, and atrophy of the ciliary body processes.

### Vitreous Body {#s0145}

It is tempting to think of the vitreous body as a structural lumen, but it is actually a cell-poor, transparent, extracellular space filled with a gel-like matrix. As such, it responds to injury in the same way other connective tissues do. If there is a stimulus for fibrovascular proliferation, then new blood vessels and spindle cells will move into the vitreous, and deposition of collagen fibrils in the originally rarefied matrix will lead to opacification. Proliferative vitreoretinopathy after retinal detachment, retinopathy, or premature birth are examples of diseases in which fibrovascular proliferation in the vitreous may be profound.

*Persistent fetal vasculature* (PFV) results from impaired regression if the fetal vitreous vasculature, which normally recedes shortly after birth. In such cases, retained remnants of embryonic vessels accompanied by fibrous connective tissue can be seen in the vitreous and posterior aspect of the lens for extended periods after birth. This condition is referred to as PFV, which is an umbrella term proposed to encompass multiple presentations that can range from persistent hyaloid vessels to persistent hyperplastic primary vitreous and persistent *tunica vasculosa lentis* (TVL) ([Figure 22a.18C](#f0095){ref-type="fig"}). PFV is a relatively common congenital abnormality in human eyes and has been reported as a congenital finding in Sprague--Dawley rats, Swiss mice, Göttingen minipigs, and Yucatan micropigs. PFV is also associated with several different mutant mouse models including the *p53*-null and Norie's disease homologue (*Ndph*) strains, and it can be induced in animals with double null mutations for members of the retinoic acid receptor family. Microscopically, remnants of small vascular profiles admixed with variable amounts of collagen and hemorrhage are present in the central vitreal canal anywhere from the optic nerve head surface to the posterior aspect of the lens.

*Degeneration of the vitreous body* can be hard to detect microscopically, but it can be seen macroscopically as liquefaction of the gel-like vitreous matrix. Degradation of the vitreous also may be recognized indirectly as the cause of retinal detachment. Liquefaction of the gel-like vitreous causes the retina to be buffeted by energy waves in the fluid media; in the absence of structural protection, the resulting trauma to the neural retina leads to retinal detachment and ultimately retinal degeneration. The formation of fibrovascular membranes (vitreal membranes) in the vitreous is a less common cause of vitreal and retinal traction bands that might promote physical pulling of the retina away from the RPE, and sometimes lead to retinal tearing. With age, changes in the rheologic (i.e., gel-like) features of the vitreous can cause it to separate from the retina spontaneously.

Since substances injected into the vitreous freely diffuse into the retinal tissue, the IVT route has become a popular method of drug delivery to the posterior segment of the eye. The injections are usually made at the level of the equatorial sclera and ciliary body *pars plana*, and are directed into the vitreous body rather than the retina proper. These injection sites usually present histologically as small defects in the ciliary body epithelium, stroma, and sclera, and can be associated with mild fibrosis and minimal infiltration of macrophages and lymphocytes.

*Asteroid hyalosis* is a degenerative condition characterized by small white opacities in the vitreous. It occurs in humans, dogs, and chinchillas. Clinically, these opacities are quite refractile, giving the appearance of stars (or asteroids) shining in the night sky. Histologically, they present as round, amphophilic, laminated to radiating structures of variable size within the vitreous. Asteroid hyalosis has been associated with aging, diabetes mellitus, hypertension, hypercholesterolemia, and (in dogs) intraocular tumors.

*Vitreal inflammation* is usually a secondary change rather than a primary response to vitreal disease. Vitritis is more likely to develop as a sequel to corneal ulceration, endophthalmitis, scleral perforations, or systemic infections rather than toxicant exposure.

### Retina {#s0150}

Retinal toxicity primarily affects the retinal ganglion cells, photoreceptors, vessels, and the RPE. The RPE is closely integrated with the photoreceptors such that a toxic effect on the RPE will often affect the photoreceptors, and vice versa. It is important to notice that not all functional impairments of the neural retina or RPE will result in morphological alterations. This discrepancy underscores the importance of combined histological and electrophysiological endpoints when evaluating the impact of xenobiotic exposures on the eye, especially when seeking to detect very early stages of toxicity.

*Inner retinal atrophy* refers to a thinning of the nerve fiber layer and loss of retinal ganglion cells and neuronal nuclei in the inner nuclear layer (INL). The most common causes for loss of retinal ganglion cells and their axons in the nerve fiber layer are increased IOP leading to optic nerve atrophy and compressive lesions on the extraocular portion of the optic nerve, leading to axonal degeneration and ganglion cell death. The retinal ganglion cells can also be targeted by several known retinal toxicants, including carbon disulfide and doxorubicin. A few toxicants, like ethylcholine mustard aziridinium ion (AF64A), preferentially target the interneurons in the INL. Ganglion cell loss can also be spontaneous. Rhesus and cynomolgus monkeys with a condition called idiopathic optic neuropathy present with a loss of ganglion cells in the macular region, which is correlated to atrophy of axons in the temporal portion of the optic nerve.

*Outer retinal atrophy* is characterized by shortening of the photoreceptor outer segments along with loss of nuclei from the outer nuclear layer (ONL). These features are often seen following exposure to ocular toxicants. Other causes of outer retinal atrophy include inherited genetic defects, aging, light-induced damage, nutritional deficiencies, retinal detachment, and inflammation ([Figure 22a.20](#f0105){ref-type="fig"} ). A common mistake in designing ocular toxicity studies is to automatically choose rodents as the test species. Hereditary outer retinal atrophy occurs in several strains of mice and rats, such as Royal College of Surgeons (RCS) rats or retinal degeneration (*rd*) mice. These animals are docile and make good experimental animals, but they lose essentially all of their photoreceptors by adulthood as a normal background condition.Figure 22a.20Retinal photoreceptor lesions.(A) Plastic section of normal feline retina showing the intact photoreceptor outer segments (\*). (B) Plastic section of a feline retina treated with a retinotoxic dose of a fluoroquinolone antibiotic, which manifests as vacuolation, necrosis, and atrophy of the photoreceptors. (C) Normal retina from an albino rat. (D) Photoreceptor atrophy at a toxic response of a test substance resulting in thinning of the outer nuclear layer (ONL) and almost complete absence of the inner and outer layers of the photoreceptor processes. (E) Jumbling of the ONL in another high-dose rat with a retinotoxic dose effect. (F) Transmission electron micrograph (TEM) showing swollen and distorted inner segments in a dog retina. (G) TEM focused on the outer segments from a nonhuman primate retina showing disarray in the expected stacking of the outer segment discs (\*) as a response to test material. (A,B) Toluidine blue, ×200; (C,D) H&E, ×100; (E) H&E, ×400; (F) TEM, ×710; (G) TEM, ×2025.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.21, p. 2158, with permission.

Light-induced retinal atrophy/degeneration (usually RPE is not affected) occurs in albino rodents and is caused by prolonged exposure to light or exposure to high-intensity light. These lighting conditions may occur if animals are kept in cages on the top of racks close to the room light source. Study protocols usually take this rodent idiosyncrasy into account. Nonetheless, in 2-year rodent bioassays, phototoxic changes are seen frequently as a background change, especially in females. The authors have seen 2-year studies where phototoxic retinopathy in albino rodents has presented with a pattern suggesting a dose- and sex-dependent toxic effect. We think that this phenomenon is associated with marginally high light levels combined with an otherwise trivial compound-related effect on one of the pathways associated with phototoxicity, such as oxidative stress or apoptosis, rather than to an overt ocular toxicity by the test article alone. In rats, a clue that the change is phototoxic rather than a test article--related retinal toxicity is an unusual vascular proliferation seen in the RPE layer of the retina ([Figure 22a.21](#f0110){ref-type="fig"} ).Figure 22a.21Chronic phototoxicity.(A) Normal retina of an adult albino rat, showing the distinct alternating layers of nuclei and cell processes. (B) Segmental outer retinal atrophy in adult albino rat caused by phototoxicity, indicated by variable loss of the outer nuclear layer (ONL) and inner nuclear layer (INL) (especially toward the left of the image). (C) Higher magnification of the affected retina showing vascular proliferation into the retina and focal displacement of retinal nuclei. (D) Plastic section of a similarly affected area showing outer retinal atrophy and vessels growing in the RPE layer. (A,B) H&E, ×50; (C) H&E, ×600; (D) Toluidine Blue, ×600.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.4, p. 2108, with permission.

In contrast to a more diffuse outer retinal atrophy, focal atrophy of outer retinal segments may occur following choroidal circular disturbance. This finding is always associated with regional loss of RPE cells.

*Global (full-thickness) retinal atrophy* is an end-stage retinal lesion. It is characterized by complete collapse of the retinal architecture with extensive gliosis of the remaining retinal tissue.

*Retinal detachment* refers to the separation of the photoreceptor outer segment from the RPE. Retinal detachment is a very common processing artifact, so differentiation between genuine and artifactual retinal detachment is important. Three microscopic features are associated with true retinal detachment: subretinal deposits, hypertrophy of the RPE cells, and atrophy of the photoreceptor segments. The presence of subretinal deposits, such as blood, protein, or infiltrating leukocytes, represents definitive evidence of a real retinal detachment since these elements could not gain access to this potential space unless an active pathologic process has occurred. Hypertrophy of the RPE cells needs to be distinguished from RPE "tenting," an artifact that results from traumatic shearing of the retina during tissue trimming. In contrast to RPE hypertrophy, "tented" RPE cells present with angular apices with fragments of photoreceptor outer segments still attached to their surfaces.

*Photoreceptor nuclei displacement (PDN)* occurs in the retinas of many species, including humans. Histologically, it is characterized by typical or pyknotic photoreceptor cell nuclei located external to the retinal outer limiting membrane (OLM) (i.e., between the photoreceptor segments). PDNs, both pyknotic and nonpyknotic, can be found in areas of retinal degeneration or inflammation but also may be seen in control eyes. In rats, these cells are observed in all strains with a frequency of approximately 50% in normal retinas. PDNs are also more frequent in very young (developing) and aged retinas, in retinas of rats exposed to high ambient light levels, and in retinas associated with ocular and systemic diseases.

*Retinal dysplasia* is a focal or multifocal disorganization of the sensory retina due to faulty development. A common feature is the presence of rosettes (curved profiles of displaced full-thickness retina surrounding a central lumen). In the rat, rosettes appear as linear elevations of the retina, usually unilateral, on ophthalmic examination, and can be induced by the administration of cytosine arabinose, cycasin, *N*-methyl-*N*-nitrosurea, and trimethylin. Beagle dogs sometimes develop focal retinal dysplasia as a background lesion, often in or near the optic disc ([Figure 22a.22](#f0115){ref-type="fig"} ). The change is usually quite small and does not appear to be associated with any functional abnormalities. Microscopically, focal to occasionally multifocal rosette-like and tubular structures that expand and distort the INL and/or ONL are observed. These structures exhibit variable morphology with a combination of the following features: (1) one to multiple layers of cells with nuclear profiles similar to neurons of the INL and ONL, (2) polarization of the nuclei away from the center or "lumen," (3) eosinophilic linear structures resembling photoreceptors inner segments and/or ciliated cells from primitive neuroepithelial origin in the innermost layer of the rosette, (4) a basement membrane-like structure near the center resembling the external limiting membrane of the retina, and (5) RPE-like cells or macrophages in the center of the rosettes. Rarely lesions can diffusely affect the retina.Figure 22a.22Retinal rosette.(A,B) Incidental retinal rosette in the optic nerve head as a background lesion in some lines of experimental Beagle dogs. (A) H&E, ×100; (B) H&E, ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.30, p. 2168, with permission.

*Retinal folds* have been reported as spontaneous findings in mice and rats (Sprague--Dawley and Wistar). In Sheffield-Wistar rats, these lesions may be congenital and associated with microphthalmia. Microscopically, focal inward projections of the retina with possible separation of the photoreceptor from the RPE are observed. Less severe lesions affect only the outer retinal layers and present as retinal microdetachments with subretinal accumulation of phagocytic cells and no change to the retinal surface contour. More severe folds affect all retinal layers and can be associated with subretinal hemorrhage and photoreceptor outer segments debris. Artifactual retinal folds (Lange's folds) have been described in the peripheral retina of young animals, and especially are associated with tissue fixation using 70% ethanol. When retinal folds are sectioned in a tangential histologic plane, they may resemble rosettes.

*Vascular lesions* may be induced in the retina by many toxicants. The most common toxicant-induced vascular changes in the retina include capillary proliferation, microaneurysms, vessel wall thickening and calcification, edema and hemorrhage, and vascular necrosis. Toxic retinal hemorrhage must be distinguished from other causes such as hypertension, coagulopathies, trauma, primary vascular ocular diseases, and (in rodents) chest compression during handling ([Figure 22a.23](#f0120){ref-type="fig"} ). Figure 22a.23Retinal folds and accumulations.(A) Retinal folds in a dog after an invasive procedure. (B) Hypertensive vasculopathy \[thickened vessel wall (*arrow*)\] and ganglion cell loss and outer retinal atrophy in a dog. (C) Extensive retinal and subretinal hemorrhage in a dog following radiation therapy (radiation retinopathy). (D) Accumulation of blue metabolic byproduct in the cytoplasm of neurons from a dog with an undetermined lysosomal storage disease. (A) H&E, ×100; (B,C) H&E, ×200; (D) Luxol fast blue/PAS, ×400.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.26, p. 2165, with permission.

### Retinal Pigmented Epithelium {#s0155}

Hypertrophy and hyperplasia of the RPE cells, cytoplasmic accumulation of lipids or lipofuscin, cell atrophy, loss of polarity, and formation of drusen (subretinal lipid-rich deposits) are common changes seen following toxicant exposure. Many compounds bind chemically to melanin and therefore accumulate in pigmented cells and tissues, particularly the RPE. Melanin binding does not predict ocular toxicity. Some drugs can be detoxified by melanin binding (e.g., fenthion and vigabatrin), while others may accumulate locally in the pigmented layers of the eye and thus enhance the toxic effect (e.g., chloroquine and phenothiazines). The pathologist needs to be aware of normal physiologic and background changes on RPE cells when assessing the significance of ocular alterations. Common physiologic changes of RPE that may be misinterpreted as evidence of ocular toxicity include age-related cytoplasmic accumulation of lipofuscin, variations in cytoplasmic pigmentation, and focal areas of RPE hypertrophy.

*Hypertrophy and hyperplasia of the RPE* are common changes associated with toxicant exposure. Hypertrophy of the RPE cells is often associated with detachment of the sensory retina or photoreceptor death. Drug-induced hypertrophy often presents as a uniformly thickened RPE with a closely apposed retina. Dutch-belted rabbits develop an idiopathic hypertrophy of the RPE cells as a common background change. Affected RPE cells are usually located near the optic nerve and appear as cells of increased size with swollen and granular cytoplasm. Focally this change might be associated with secondary atrophy of the outer retina ([Figure 22a.24](#f0125){ref-type="fig"} ). Hypertrophied RPE cells are recognized on light microscopy as larger-than-normal cells that may possess unusual melanin pigmentation (reduced numbers or irregular distribution within the cell). In some cases, melanin granules might fuse with lipofuscin granules to form granular conjugates.Figure 22a.24Spontaneous background changes in RPE.(A,B) Retina of a Dutch-belted rabbit near the optic nerve demonstrating swollen (hypertrophied) RPE cells weakly staining positive for polysaccharides using the periodic acid-Schiff (PAS) stain. (C) Plastic section from another Dutch-belted rabbit showing the same RPE features. (A) H&E, ×100; (B) PAS, ×100; (C) Toluidine blue, ×400.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.28, p. 2167, with permission.

*Atrophy of the RPE* is an age-related lesion that eventually results in cell degeneration and cell death. Chronic atrophy of RPE is associated with degeneration and atrophy of the adjacent outer retina. Microscopically, affected areas have reduced numbers or a complete absence of RPE cells. In these areas, if the retina is not detached, there is direct contact of the outer retina with Bruch's membrane. In an attempt to maintain the blood--retinal barrier and tissue homeostasis, the remaining RPE cells will spread laterally to compensate for any spatial defects, though the RPE cells may appear be attenuated.

*Drusen* are irregular extracellular deposits composed primarily of apolipoproteins located between the RPE and Bruch's membrane. They likely are derived from RPE metabolism of the outer segments of photoreceptors and members of the complement system, particularly factor H. Zinc present in drusen is thought to have a role in the precipitation and activation of the complement system. Drusen may accumulate due to impaired transport of the debris through Bruch's membrane into the choroidal circulation. Drusen are primarily seen in AMD in humans, and thus are rarely observed in species other than primates. However, "hard" drusen (concentric, nodular masses with well-defined borders) may be observed infrequently in other species.

*Intracytoplasmic inclusions* can be hosted by RPE. Intracytoplasmic inclusions can be associated with abnormal accumulation of lipofuscin or other pigments that are metabolic byproducts of RPE processing of shed photoreceptor outer segments. Lipofuscin and lipofuscin conjugates (i.e., melanolipofuscin) often accumulate in the base of the RPE cytoplasm as granules. They are generally not observed on light microscopy because they are removed during tissue processing. Instead, clear vacuoles generally remain as residual footprints representing the former presence of cellular accumulations. Lipofuscin accrues spontaneously with age due to impaired ability to properly remove the granules from the cell, and it may also occur with ocular toxicities. Occasionally, cytoplasmic crystals may be observed. Other RPE cytoplasmic inclusions may appear as abnormal organelles containing concentric membranous whorls. On electron microscopy, these membranes may have a lamellated (fingerprint-like) appearance reminiscent of the photoreceptor outer segments (from which they may be derived), and are osmophilic due to their phospholipid content.

*RPE depigmentation* results from loss of RPE melanin. This change occurs spontaneously as an age-related change. It may also be associated with toxicities in which the toxic agent can bind to melanin, including toxic metals and amines. Melanin may also be taken up by lysosomes of RPE cells and/or fuse with lipofuscin, resulting in apparent diffusion of pigment. Photobleaching of melanosomes also results in diminished pigmentation, although the pigmented granules are still present. Microscopically, a decrease in the amount, distribution, and shape of melanin granules within individual RPE cells can be observed. The distribution of depigmented lesions is usually multifocal to regional.

### Optic Nerve {#s0160}

The optic nerve responds to injury in a limited number of ways, and the majority of them are similar to responses in other areas of the CNS. Increased pressure within the cranium can result in clinically apparent swelling and rostral displacement of the optic nerve head into the eye, a protrusion known as papilledema. Gliosis is a common but nonspecific reaction of the optic nerve neuropil to many different insults and can be a sign of early disease. Liquefactive necrosis (malacia) of the optic nerve occurs in association with ischemic (e.g., retrobulbar hemorrhage secondary to blood collection) or inflammatory insults. Necrosis is one of the initial optic nerve alterations seen in acute cases of glaucoma and also is very common in suppurative intraocular inflammation that involves the retina and extends into the optic nerve. As in other parts of the CNS, liquefaction of the optic nerve leads to infiltration with macrophages (gitter cells), many of which may contain eosinophilic intracytoplasmic debris believed to be digested myelin. As a consequence of optic nerve head necrosis in association with high IOP seen in glaucoma, the optic nerve collapses at the lamina cribrosa and the residual nerve tissue is displaced caudally into the sclera (an effect called "optic nerve cupping"). In some cases, a focal loss of optic nerve neuropil allows the vitreous to prolapse into the optic nerve trunk to form a cavitated lesion (termed "Schnabel's cavernous atrophy"). This process is usually associated with glaucoma in dogs and is thought to be an age-related change in humans.

Axonal degeneration occurs in several circumstances in the optic nerve. Loss of retinal ganglion cells, and consequently their axons, secondary to glaucoma is probably the most common cause. On the other hand, lesions in the orbital or intracranial portions of the optic nerve can cause Wallerian degeneration with consequent axon loss and ganglion cell death. Among these lesions are trauma, leading to optic nerve crush, severance or avulsion, and also nerve compression caused by tumors, periosteal proliferation at the optic foramen (where the nerve enters the calvarium), or granulomatous inflammation. Primary dysmyelination (abnormal formation) and demyelination (pathologic loss) affecting the optic nerve are rare in animals, but multiple mouse models of both processes have been developed to study human diseases like Pelizaeus-Merzbacher disease and multiple sclerosis.

The final stage of optic nerve lesions is characterized by axonal atrophy and varying degrees of fibrosis. At this point, optic nerve function is irreversibly lost.

Rarely, rhesus or cynomolgus macaques develop a bilaterally symmetrical optic nerve atrophy characterized by an absence of retinal ganglion cells from the macula, and therefore an absence of axons in the temporal portion of the optic nerve. Affected animals might have minimal to severe involvement, the extent depending on the degree of ganglion cell loss. Only the most severely affected animals have been able to be detected antemortem by fundoscopic examination ([Figure 22a.25](#f0130){ref-type="fig"} ).Figure 22a.25Bilateral optic atrophy.(A) Image of the temporal aspect of the normal optic nerve head from a control cynomolgus macaque showing a thick nerve fiber layer (*arrowhead*), abundant ganglion cells (*arrow*), and normal appearance of the temporal aspect (\*) of the optic nerve within the lamina cribrosa. (B) Image of the same area from an affected macaque. The nerve fiber layer is thin (*arrowhead*), the ganglion cells are reduced in number (*arrowhead*), and the temporal aspect (\*) of the optic nerve is atrophic. (A,B) H&E, ×200.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.29, p. 2168, with permission.

### Tissue Response to Increased Intraocular Pressure and Glaucoma {#s0165}

Contrary to what many believe, increased IOP does not define glaucoma. Rather, glaucoma is a diverse group of diseases united by a common theme in which IOP is too high for the retina/optic nerve to function normally, thus resulting in progressive vision loss. The loss of vision is specific and characterized by atrophy of the optic disc (manifested as cupping) and (in humans) characteristic patterns of visual field dysfunction. Increased IOP is almost always related to an obstruction (partial or complete) of the aqueous drainage pathways. This obstruction can affect the structures of the iridocorneal angle (ICA) directly or adjacent outflow pathway structures like the pupillary space, anterior chamber, and scleral drainage vessels. A primary obstruction of the ICA is usually seen with congenital malformations \[goniodysgenesis (abnormal development of the intraocular channels for fluid egress) in dogs and anterior segment dysgenesis/congenital glaucoma in multiple species\]. Secondary obstructions can affect all levels of the aqueous drainage pathways and are associated with ocular or systemic diseases. The most common ocular lesions that can obstruct the aqueous pathways and cause glaucoma are intraocular hemorrhage, endophthalmitis, uveitis, anterior uveal fibrovascular membranes and synechiae (iris adhesions), melanin pigment deposition in the trabecular meshwork (TM) (pigment dispersion), anterior lens luxation, and intraocular tumors. Regardless of the cause, the increased IOP can cause global enlargement of the eye (buphthalmos). A number of secondary changes develop subsequently, including corneal stromal edema and neovascularization; multiple breaks in Descemet's membrane (termed "Haab's striae"); scleral atrophy at the limbus, which can evolve to a staphyloma (i.e., outward bulging of the thin atrophic sclera); collapse of the ciliary cleft; and atrophy of the iris, ciliary body and TM. In some cases, animals can develop cataracts and lens luxation due to stretching and breaking of the lens zonular ligaments. One of the central histological features of glaucoma is the loss of ganglion cells in the inner retina and atrophy of the optic nerve.

The mechanisms of glaucomatous optic nerve and retinal damage remain subject to debate. Of the many proposed mechanisms, the most popular hypotheses are given here:•Elevated IOP leads to deformation of the optic nerve axons at the lamina cribrosa and blockade of anterograde and retrograde axonal transport. This stoppage, in turn, leads to death of retinal ganglion cells due to an interruption in the supply of neurotrophic factors from the CNS.•Elevated IOP deforms the lamina cribrosa, resulting in decreased vascular perfusion of the optic nerve head microcirculation. Ischemia produces a loss of axonal integrity and subsequent death of retinal ganglion cells.•Elevated IOP leads to optic nerve infarction and subsequent gliosis.•Retinal ganglion cell loss may result from the pathologic release of glutamate from neurons within the damaged retina, which initiates "excitotoxic" neurodegeneration of neighboring neurons.•Decreased choroidal perfusion causes segmental retinal degeneration affecting both inner and outer retina.

Any or all of these proposed mechanisms might play a role, depending on the species and the underlying pathophysiology of the different glaucoma syndromes. In dogs, the retinal atrophy can affect all retinal layers and is usually more prominent in the nontapetal (ventral) than in the tapetal (dorsal) retina. This phenomenon is called "tapetal sparing," and it is a typical feature of glaucoma in the dog. Necrosis of the optic nerve is an early feature of glaucoma, and it often is followed by malacia, gliosis, and the formation of a deep optic nerve cup. In species other than the dog, the development of gliosis and optic nerve cupping follows a less precipitous course. In glaucomatous optic neuropathy, there is a loss of large-diameter optic nerve axons and consequent optic nerve atrophy ([Figure 22a.26](#f0135){ref-type="fig"} ).Figure 22a.26Optic nerve lesions due to congenital glaucoma.Transverse sections of the orbital portion of the optic nerve from a cat. (A) Control animal, showing the appropriate number of axons highlighted by their thick myelin sheaths. (B) Congenital glaucoma in a 36-month-old cat, with marked atrophy of the optic nerve characterized by a smaller overall size of the nerve trunk and multifocal to coalescing areas (of pallor) due to axon degeneration and fibrosis. (A,B) Toluidine blue, ×100; insets ×600.*Source*: From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Figure 53.32, p. 2179, with permission.

Mechanisms of Ocular Toxicity {#s0170}
-----------------------------

### Developmental Abnormalities {#s0175}

The embryology or the eye is complex and involves numerous inductive relationships in which one component works by proximity to stimulate a developmental event in another component, often one derived from a different germ layer. Ocular developmental abnormalities are common in humans, domestic animals, and laboratory animals. They can be a part of hereditary disease processes, or they can be induced by exposure to teratogenic compounds that affect development of the eye in utero without affecting the genome. In either case, ocular abnormalities can be limited to the eye or periocular tissues, but they are often part of systemic syndromes where the effect on ocular tissues is but one of many lesions induced in multiple organ systems sharing a common critical period of development (see Chapter 25: Embryo, Fetus, and Placenta). Toxicity studies often need to evaluate for either genotoxic or teratogenic potential, and evaluation of the developing eye in treated conceptuses has a role in modern toxicologic pathology. Although the mouse model is most often used for this assessment, the zebrafish model has many potential advantages including the rapid pace of embryonic development, the transparency of fish embryos throughout the period of ocular embryogenesis, and the large numbers of offspring. The most common ocular developmental problems encountered in both the teratogenic and genetic scenarios are lesions that involve inductive phenomena such as closure of the optic fissure, separation of the lens vesicle, or replacement of the primary vitreous. Congenital cataract or abnormalities of lens size or position are other frequent problems that may be observed in developmental toxicity studies. We provide a list of known teratogenic substances affecting the eye in [Table 22a.4](#t0025){ref-type="table"} .Table 22a.4Chemicals and Drugs Causing Eye MalformationsChemicalAnimalMalformationActinomycinRatAnophthalmia, colobomaAdenineRatAnophthalmia, microphthalmiaAdrenalin (epinephrine)RatCataractAlcoholMouseColoboma, open eyeRatAnophthalmia, opaque lensAlloxanMouse, ratMicrophthalmia6-AminonicotinamideMouseMicrophthalmia, open eye, retinal foldsRat[a](#tbl4fna){ref-type="table-fn"}Lens vacuolation, retinal foldsAminophenurobutaneRatAnophthalmia, microphthalmia, no optic nerveAminothiadiazoleRat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmiaArsenicHamsterAnophthalmiaMouseAnophthalmia, open eyeRat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmia5-Bromodeoxyuridine (BrdU)MouseOpen eyeCadmiumHamsterMicrophthalmiaMouseAnophthalmia, microphthalmiaRat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmiaCarbutamideMouseAnophthalmia, microphthalmia, cataractRatAnophthalmia, no optic nerveChloraminophenMouseMicrophthalmia, no optic nerveChloroquineRatAnophthalmia, microphthalmiaCongo redRatAnophthalmia, microphthalmiaCyclopamineRabbitCyclopiaCyclophosphamideMouseAphakia, open eyeRabbitColoboma, microphthalmia, retinal foldsRat[a](#tbl4fna){ref-type="table-fn"}Cataract, exophthalmos, open eyeCytosine arabinosideMouseRetinal dysplasiaRatRetinal dysplasiaDiphenylhydantoinMouseOpen eyeDithiocarbamateRat[a](#tbl4fna){ref-type="table-fn"}Exophthalmos1-Ethyl-1-nitrosourea (ENU)MouseAnophthalmia, microphthalmia, exophthalmosEthylenediaminetetraacetic acid (EDTA)Rat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmiaEthylenethioureaRatColoboma, exophthalmosGalactoseRatAnophthalmia, cataractGlucagonRatGlaucoma, microphthalmiaGriseofulvinRatAnophthalmiaHycanthoneMouseMicrophthalmiaHydrazineMouse, ratAnophthalmia, microphthalmiaHydrocortisoneGuinea pigOpen eyeLeucineRatAnophthalmia, microphthalmiaLithiumRatAnophthalmiaMethamphetamineMouseAnophthalmia, microphthalmiaRabbitCyclopiaMercuryRatExophthalmos, microphthalmia, opaque cornea, and lensNiagara sky blue 6BRat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmiaOchratoxin AMouseAnophthalmia, open eyePerphenazineRatAnophthalmiaPesticides (aldrin, dieldrin, endrin)HamsterOpen eyePhthalic estersRatAnophthalmiaProcarbazineRatAnophthalmia, microphthalmiaReserpineRatAnophthalmiaRetinoic acidHamsterMicrophthalmiaMouse, ratAnophthalmia, exophthalmos, microphthalmia, open eyeRibavirinHamsterAnophthalmia, microphthalmia, open eyeRubidomycinRatAnophthalmia, microphthalmia,RubratoxinMouseOpen eyeSaccharineRatLens necrosis, abnormal optic nerveSalicylateRatOpen eye, retinals dysplasiaSerotoninMouseAnophthalmiaRatAnophthalmiaStreptonigrinRat[a](#tbl4fna){ref-type="table-fn"}MicrophthalmiaTriparanolRat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmiaTrypan blueMouseAnophthalmia, microphthalmia,Rat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmia, lens degeneration, abnormal optic nerve, retinal dysplasiaUrethaneRatOpen eye, lens vacuolationVinblastine, vincristineHamsterAnophthalmia, microphthalmiaMouseAnophthalmiaRat[a](#tbl4fna){ref-type="table-fn"}Anophthalmia, microphthalmia[^5]From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Table 53.2, pp. 2106--2107, with permission.

### Toxicity of the Eyelids and Ocular Glands {#s0180}

Several drugs and chemicals can cause alterations involving the eyelids. Edema of the eyelids can occur from systemic administration of aminodipropionitrile to monkeys. Polychlorinated biphenyl (PCB) poisoning produces chloracne in humans. In this condition, PCBs and similar compounds cause swelling of the eyelids with meibomian gland hypersecretion and abnormal pigmentation of the conjunctiva. Chronic application of topical epinephrine to rabbit eyes results in a syndrome that has been called meibomian gland dysfunction, which is characterized by plugging of the orifice of the glands, formation of microcysts, and enlargement of the gland. Retinoids, like isotretionoin (13-*cis*-retinoic acid), have been recognized to affect the meibomian glands, causing blepharoconjunctivitis in humans and mild conjunctival erythema and crusting of the eyelid margins in New Zealand white rabbits.

Toxaphene administered orally to cynomolgus monkeys has been reported to produce meibomian gland inflammation, enlargement, or both. The pathogenesis involves infected diverticula (arising from the glandular ducts) in both the dorsal (superior) and ventral (inferior) eyelids.

Systemic administration of small molecules that inhibit epidermal growth factor receptor (EGFR) may produce granulomatous inflammation of the meibomian gland. The pharmacologic effect is suspected to be related to a failure to secrete glandular contents. Continued production of secretory material leads to glandular rupture and a substantial lipogranulomatous reaction.

Prostaglandin analogs (latanoprost, travoprost, and bimatoprost) used to decrease IOP can also cause lengthening of the eyelashes (hypertrichosis). The mechanism is unknown but may involve eyelash lengthening during the anagen phase of the lash growth cycle and stimulation of melanogenesis.

Ptosis (drooping eyelids, especially affecting the dorsal lid) and eyelid retraction are relatively common reactions to systemic or locally administered xenobiotics. Snake venoms, especially from elapids (e.g., cobras) and some vipers, succinylcholine, and botulinum toxin can cause ptosis by blocking neurotransmission at the neuromuscular junctions. Other less common drugs associated with ptosis are tetraethylammonium, a ganglion blocker agent; guanethidine, a sympatholytic drug used to reduce lid retraction; penicillamine, a metal-chelator; the sedatives primidone, barbiturates and alcohol; and the chemotherapic agent vincristine. No common mechanism of action has been defined to explain the toxic response to these agents. On the other end of the spectrum, stimulants such as phenylephrine, amphetamine, and cocaine are associated with upper eyelid retraction.

Blepharitis (inflammation of the eyelid) and conjunctivitis (inflammation of the inner lid lining) are common reactions to numerous topical ocular drugs. Drug preservatives such as thimerosal and benzalkonium chloride as well as antiviral agents like vidarabine, trifluridine, and idoxuridine are reported to cause ocular irritation. Most commonly used ophthalmic preparations present the potential for incidentally causing blepharitis and conjunctivitis.

Many inbred mouse strains, including BALB/cJ, BALB/cByJ, CBA/J, and 129P3/J, are reported to develop spontaneous ulcerative blepharitis. Although *Corynebacterium* sp. has been isolated from those lesions, the underlying abnormality and causative agent(s) are not totally clear. Mutations in the desmoglein 3 (*Dsg3*) gene were reported to be the main factor underlying ulcerative blepharitis in Dsg3^bal^ and Dsg^3bal-Pas^ mice (balding and balding Pasteur, respectively). These animals develop a pemphigus-like reaction with formation of suprabasilar vesicles affecting the mucocutaneous junctions. Such changes are identical to those observed in humans and animals with pemphigus vulgaris.

The glands of the lacrimal system are not often the target tissue of toxicants. Few compounds have been reported to be toxic to the lacrimal glands of animals. Among the drugs that do target these organs are phenazopyridine, sulfadiazine, and salicylazosulfapyridine. These drugs are reported to cause marked necrosis of the lacrimal gland, with evolution to fibrosis through an unknown mechanism. Dogs that present with this toxic reaction can later develop KCS (dryness of the conjunctiva and cornea).

### Toxicity of the Ocular Surfaces {#s0185}

The corneal and conjunctival epithelium, along with the tear film, are the first tissues to be exposed when a substance is deposited on the surface of the eye. Due to their close proximity, the cornea and conjunctiva are exposed simultaneously. The pathological responses of both tissues usually are also very similar.

One of the most popular routes for clinical administration of ocular therapeutics is via subconjunctival injections. Subconjunctival administration of drugs associated with biodegradable drug implants designed for sustainable drug delivery also is common practice in nonclinical toxicology studies. Poly\[[d]{.smallcaps},[l]{.smallcaps}-lactide-co-glycolide\] (PLGA) or poly\[[d]{.smallcaps},[l]{.smallcaps}-lactide-co-caprolactone\] are among the most common biodegradable polymers used for this purpose; in particular, PLGA has been used extensively in studies to deliver a wide variety of drugs using various forms such as microparticles, emulsions, implants, and hydrogels. These polymers degrade through hydrolysis of their ester bonds into lactic acids, glycolic acids, and caproic acid---and eventually into water and carbon dioxide. In most instances, these subconjunctival implants cause minimal to no tissue reaction, and when one does develop local conjunctival hyperemia and edema are the most common responses. In the rare instances where substantial toxic reactions are observed, they are usually related to failed degradation of the polymer with secondary conjunctival fibrosis of the substantia propria to encapsulate the implants. When subconjunctival injections are part of the study design, the conjunctiva should be evaluated microscopically, especially in the area of the injection.

The conjunctiva and cornea are at great risk from accidental exposure to caustic chemicals such as strong acids and bases, which can easily erode the epithelium to expose the underlying tissues. During chemical burns, the conjunctiva usually develops the earlier changes. In mild acid burns the initial clinical alterations are turbidity and dulling of the conjunctival surface with tissue hyperemia and possibly petechial hemorrhages. With stronger acids, both conjunctiva and cornea become opaque immediately. There is loss of conjunctival epithelium followed in mild cases by rapid regeneration (5--10 days). In severe cases, the conjunctival substantia propria is more affected, and the final result is formation of granulation tissue followed by scaring.

Irritating substances can cause necrosis of the corneal epithelium directly. Acid and alkali burns (described in more detail later) can cause neurotrophic keratitis, a form of corneal degeneration resulting from altered corneal sensory enervation. Surfactants can disrupt the tear film, sensitizing the corneal surface to infection or deep ulceration. Among them, benzalkonium chloride, which is used to increase the penetration of certain drugs to the eye, can cause conjunctival hyperemia, corneal opacification, corneal edema, and occasionally epithelial degeneration and necrosis.

The most common acids that may be involved in ophthalmic injuries are sulfuric and sulfurous acids, chromic acid, nitric acid, hydrochloric acid, sulfur dioxide, and silver nitrate; the most common bases are hydroxides of sodium, calcium, magnesium, ammonium, and potassium. An acid burn to the conjunctiva and cornea will coagulate the proteins from the epithelium, conjunctival substantia propria, and corneal stroma. The precipitation of the protein of the more superficial tissues from the epithelium or substantia propria/stroma prevents acid substances, especially weak acids, from infiltrating more deeply into the tissues, which lessens the severity of the final lesions. This effect does not occur with alkaline substances as they will deeply penetrate the conjunctival and corneal tissues at once, causing more severe damage. The most severe base injuries to the eye are caused by alkalis with pH values greater than 12. On the corneo-conjunctival epithelium, alkalis cause saponification of fatty acids, cell membrane dissociation, and acute cell death leading to destruction and penetration of the epithelial layers. In the corneal stroma, alkalis cause hydrolysis of proteoglycans and render the stromal matrix susceptible to enzymatic degradation from neutrophil collagenases and plasmin from damaged epithelial cells and fibroblasts, leading to lysis of the stroma (i.e., stromal collagenolysis or keratomalacia). Interestingly, in contrast to acids and surfactants, alkalis tend to produce multifocal to focally extensive injuries presenting as a pattern of almost normal areas intermingled with deeply affected ones.

Surfactants are also known to cause corneal irritation and tissue damage. Cationic surfactants generally tend to precipitate cellular proteins, while anionic agents cause cell lysis. Nonionic substances can cause either cell lysis or protein precipitation.

The end result of chemical burns to the cornea is extensive scar formation and relatively widespread loss of transparency. The cumulative results of ocular irritation tests performed in rabbit corneas using many agents---acids, alkalis, surfactants, and nonsurfactants like acetone, cyclohexanol, parafluoroaniline, and formaldehyde---suggest that the extent of the initial injury (i.e., the depth to which the corneal tissue is affected) and the final outcome of the ocular irritation is significantly correlated.

Due to the avascular nature of the cornea, substances given by routes other than topical seldom achieve toxic levels in healthy corneal tissues. However, in principle, substances delivered systemically can be concentrated in the lacrimal glands and thereby secreted locally at high concentrations onto the ocular surfaces. The corneal epithelium is rich in smooth endoplasmic reticulum and functions to metabolize substances, which pass through the epithelium via the direct route. In this fashion corneal epithelial cells might be able to activate or detoxify xenobiotics applied to their apical surfaces.

Some substances can cause thickening of the corneal epithelium. This increase may be reflective of different pathological processes. For example, corneal epithelial hyperplasia has been observed with systemically administered high doses of recombinant epithelial growth factor. Similarly, long-term topical treatment with an immunosuppressive drug like tacrolimus or cyclosporine is correlated with the development of corneal squamous cell carcinoma in dogs, although since these dogs usually also present with chronic keratitis, the degree of risk attributable to the drug treatment relative to persistent inflammation is unknown. Local immunosuppression can also enhance the likelihood of developing opportunistic ocular infections with organisms such as *Toxoplasma* or amoebae.

Eye drops containing irritating preservatives like benzalkonium chloride and, less often, chlorobutanol, thimerosal, sorbic acid, or polyquaternuim ammonium chloride can be associated with a low-grade inflammation of the corneal and conjunctival surfaces when administered frequently over a long period. It has been reported that local anesthetics such as lidocaine, propacaine, and butacaine can cause epithelial damage when applied topically on the ocular surface and may also retard epithelial healing in a dose-dependent manner. For more information on toxic drug reactions affecting the cornea, see [Table 22a.5](#t0030){ref-type="table"} .Table 22a.5Topical and Systemic Medications Known to Cause Corneal Toxicity in HumansCompoundLesionsTopical aminoglicosides (*tobramycin and gentamicin*)Superficial punctuate lesionCorneal ulceration and conjunctival pseudomembrane (rare)Delayed corneal reepithelizationSystemic biphosphonatesConjunctivitis (also uveitis, episcleritis, and scleritis)Topical chemotherapics (*mitomycin and 5-fluorouracil*)Corneal thinning and ulcerationSystemic chemotherapics (*imatinib*)Delayed corneal healingSystemic cyclooxygenase-2 (COX-2) inhibitors (*celecoxib*, *rofecoxib*, *valdecoxib*, *etodolac*, and *nimesulide*)ConjunctivitisTopical fluoroquinolones (*ciprofloxacin*)Sterile corneal infiltratesCorneal precipitatesTopical glaucoma medications (*latanaprost*, *travaprost*, *timolol*, *brinzolamide*, and *pilocarpine*)KeratoconjunctivitisKeratitisCorneal ulcerationsCorneal opacitiesTopical iodineChemical keratitisCorneal epithelium stainingDelayed wound healingTopical non-steroidal anti-inflammatory drugs (NSAIDS) (diclofenac, ketorolac)KeratomalaciaDelayed corneal healingPrevent corneal reepithelizationPreservatives in eye dropsDirect damage to corneal epitheliumSystemic retinoids/isotretinoin (*isotretinoin*)KeratitisCorneal opacitiesCorneal ulcerationDry eyeTopical anesthetics (*tetracaine, proparacaine*)Destruction of superficial cornea epithelium microvilliDirect toxicity on stromal keratocytesDelayed corneal reepithelizationTopical steroids (prednisolone acetate, dexamethasone sodium phosphate)Delayed corneal healingPrevent corneal reepithelizationPosterior subcapsular cataractGlaucomaFrom Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Table 53.3, p. 2133, with permission.

Exposure to UV radiation is a significant risk factor for ocular disease in humans and animals. For example, experiments with UV radiation in 129S1/SvImj mice have shown that chronic exposure (over 50 weeks) induces loss of stromal keratocytes. This change leads to stromal thinning, keratoconus, neovascularization, and stromal fibrosis of the cornea as well as a high incidence of posterior cortical cataracts. It is hypothesized that coexposure to low doses of toxic agents and UV light might be able to induce corneal injury in an additive or even synergistic fashion.

In specific strains of mice in which open eyelids at birth are common, severe bacterial keratitis, corneal scarring, and neovascularization of the corneal stroma are common. For example, open eyelids in neonates are associated with strains having a characteristic wavy hair coat and curly vibrissae in the waved-1 (*Tgfa* ^wa1^) and waved-2 (*Egfr* ^wa2^) mutations. The exposure of the eyes as soon as the mice are born makes them prone to trauma induced by contact with bedding debris, parental hairs, and littermates' claws. Traumatic damage is accentuated by several developmental stage-dependent factors that predispose to corneal desiccation (e.g., incompletely evolved tear production systems and inability to blink effectively for several days after birth).

Vascularization of the corneal stroma (neoangiogenesis) is regarded as a secondary phenomenon to corneal inflammation. It can also be seen as a background lesion in nude (*Fox*1^nu^) and hairless (*hr*) strains of mice. Application of certain pro-angiogenic molecules, such as VEGF, or pro-inflammatory cytokines may also promote corneal stromal vascularization. In general, this response requires the agent to be present for a prolonged period (e.g., by sustained-release drug delivery systems).

Although not directly exposed to the ocular surfaces, toxicity of the corneal endothelium can directly affect the superficial corneal tissues. The corneal endothelium is typically exposed to high concentrations of a substance when the material is introduced into the anterior chamber by either intracameral injections (i.e., directly into the anterior chamber) or introduction during surgical procedures. That said, the flow of the aqueous humor in the anterior chamber normally protects the endothelial cells by quickly removing these substances and preventing its accumulation to high concentration in the aqueous humor. The corneal endothelium has a very limited regenerative capacity, so any toxicity that compromises endothelial function or reduces the total number of corneal endothelial cells seriously impairs corneal integrity. The endothelial cells do not tolerate any sort of contact. In many species, anterior lens luxation leading to contact of the lens capsule with the corneal endothelium will cause attenuation or spindle cell metaplasia of the axial endothelial cells. Similarly, intraocular surgeons go to great lengths to avoid touching the endothelium and to protect these cells by using viscoelastic materials to coat their surfaces. Antimetabolite drugs such as mitomycin C are commonly used as postsurgical treatment in glaucoma surgery in humans and animal models to avoid fibrosis and blockage of implanted aqueous drainage devices. Accidental reflux of these drugs into the anterior chamber and exposure to the corneal endothelial can cause extensive cell degeneration and necrosis.

Intracameral injection of the local anesthetic lidocaine in concentrations higher than 4% and inadvertent injection of benzalkonium chloride in the anterior chamber has been shown to be markedly toxic to endothelial cells in rabbits and humans. Another important endothelial toxic reaction is observed with enzymatic detergents, which are used as sterilization agents on surgical instruments and supplies. These substances are associated with dose-related corneal thickening and ultrastructural damage to the corneal endothelium in humans and rabbits. Intracameral implementation of medical devices can cause mechanical loss of corneal endothelial cells, leading to focal areas of corneal opacity. The opacity is a consequence of increased water entry and retention in the corneal stroma due to loss of the endothelial barrier.

Functional impairment of the corneal endothelial cells with minimal to no anatomical changes is a phenomenon that must be taken into account whenever a toxic substance is injected directly into the anterior chamber. This effect can sometimes explain variations in corneal thickness observed in toxicologic studies. This phenomenon is usually attributed to inability of the endothelial cells to maintain their normal physiological processes leading often to corneal stromal edema.

### Toxicity of the Anterior Ocular Segment {#s0190}

Toxicity that affects the tissues in the anterior segment of the eye---the anterior uvea (iris and ciliary body) and lens---may impact one or several components. The responses of the soft tissues include various degenerative and inflammatory reactions, while direct damage to the lens is predominated by cataract formation.

#### Anterior Uvea {#s0195}

Toxic Anterior Segment Syndrome (TASS) refers to a sterile inflammatory response affecting the aqueous and anterior uvea that is seen after intraocular surgery. "Uveitic" clinical symptoms like "cell and flare" \[the combined presence in the anterior chamber of leukocytes as tiny white specks (clinically termed "cell") and protein as a gray-white haze (clinically termed "flare")\] as well as fibrin exudate predominate in TASS, while corneal edema secondary to corneal endothelial compromise might also be seen. TASS is thought to be caused by exposure to irritating irrigating solutions or other fluids or additives placed in the eye during intraocular surgery. Substances such as anesthetics, viscoelastics, and antibiotics have been found to be related to TASS. Chemicals used to clean or sterilize surgical instruments used in eye procedures can also be the cause.

Uveitis induced by minute amounts of endotoxin is a constant worry of the producers of sterile biologic products intended for use within the eye. Profound neutrophilic exudate, vascular leakage, and microthrombosis of ocular vessels are the morphologic hallmarks of endotoxin-induced uveitis. The presumed mechanism is the vigorous immune response raised against the bacterial toxin.

Colchicine, naphthol, and urethane can cause edema, inflammation, or degeneration of the ciliary body. Naphthalene causes degeneration of the ciliary body and choroid, and pyrithione causes edema and degeneration of the choroid.

Darkening of the iris stroma, secondary to an increase in the synthesis of melanin occurs in cynomolgus monkeys and humans that are treated with prostaglandin F~2α~ analogs such as latanoprost, travaprost, and bimatoprost. Phospholipids, disobutamine (a piperidine antiarrhythmic drug), 6-aminonicotinamide (an antimetabolite), and some anticancer agents can cause the vacuolation of the iris and ciliary body epithelium in multiple species. Inflammation of the uveal tract can be secondary to immunologic or toxic mechanisms. Drug-related inflammation of the anterior uvea has been reported in humans associated with administration of ribafutin (an antimycobacterial drugs), palmitic acid, streptokinase, sulfonamides, topical metipranolol, and the antiviral cidocir.

#### Lens {#s0200}

Cataract, defined as any opacity or loss of transparency on the lens, is the most common and significant abnormality of the lens. Numerous toxic pathways can manifest as cataract. For example, if the chemical environment in the lens differs from the normal state, the lens epithelial cells can undergo an epithelial-to-mesenchymal transformation (EMT) or alter the differentiation path by which lens epithelium transforms to lens fibers. If the external pressure of the zonular ligament is altered, this mechanical change also can cause cataract. The proliferating and differentiating lens epithelium is very sensitive to UV light and to a large number of toxic substances and disease states. Changes in the lens proteins during toxic cataract formation are similar to the changes that occur during aging. The appearance of cataract varies among species, as does the sensitivity to toxic cataract development; these differences are thought to be related to age and different lenticular metabolism profiles among species, and even breed/strains. In addition, cataract features also depend on the nature of the toxicant. For example, glutathione (GSH) is an important lens antioxidant. Chronic corticosteroid exposure can lower GSH levels in the lens and, therefore, increase the risk of cataract associated with oxidative stress. Substances that affect cell mitosis such as radiation or radiomimetic drugs interfere with the organized stepwise differentiation of the lens cortex and can lead to cortical cataract, usually at the nuclear bow. Many photosensitizing agents are thought to cause cataracts. Among them, UV light is the most cited. Some believe UV light exposure alone is not enough to produce lesions and that another photosensitizing agent must also be present simultaneously.

Diabetic dogs and rats but not mice, rabbits, or primates are at high risk of osmotic cataract formation. It is thought that the different risks among species are due to the fact that dogs and rats have relatively high levels of aldose reductase (AR) in the lens. This enzyme reduces various sugars (e.g., glucose to sorbitol). Because sorbitol does not readily diffuse out of cells and its further oxidation (to fructose via the action of sorbital dehydrogenase) is slow, the accumulation of sorbitol in the hyperglycemic state increases the intracellular osmotic pressure within the lens, leading to water retention and eventual rupture of the lens fiber cells. Similarly, rats and dogs also develop galactose-induced osmotic cataracts, this time by the fast buildup of galactol from galactose reduction by AR. It is also important to recognize that some drugs, including opiates, opioids, and phenothiazine, can induce acute reversible white clouding of the lens in rodents within 1 to 2 hours of administration. This opacification is not apparent microscopically. We provide a list of cataract-causing substances and their mechanisms of action in [Table 22a.6](#t0035){ref-type="table"} .Table 22a.6Biologic Features of Compounds That Cause Cataracts in RatsCompoundSpeciesBiologic featureChloroquine, chlorphentermine, and iprindoleRatIntralysosomal drug-lipid complexesDiquatRat and dogFormation of free radicals and loss of lenticular ascorbic acidMethionine sulfoximineRatInterference with protein synthesisMorphine, morphine-like compoundsRat, mouse, and guinea pigCataracts prevented by simultaneous administration of nalorphineMyleranRatPrevents lenticular epithelial cell divisionNaphthaleneRatMore consistent, earlier, and severe cataracts in pigmented rats; changes due to a toxic metabolite, 1,2-dihydroxynaphthalene, which is metabolized to 1,2-naphthaquinone and hydrogen peroxide, diminishing the lenticular oxygen and ascorbid acid supply*N*^*2*^-Phenyl-*β*-hydrazinopionnitrilesRatDecreased lenticular ATP concentrationsSeleniumRat, guinea pig, and rabbitDecreased lenticular concentrations of sulfhydryl groups and GSH, increased lenticular concentrations of insoluble protein, increased amount of lenticular water, interference with GSH metabolismStreptozotocinRat and primateCataract due to hyperglycemia of diabetes resulting in lenticular osmotic changes from increased concentrations of sorbitol, glucose, and fructoseTriparanolRat, human, and dogInhibition of cholesterol biosynthesis with reduction of lenticular sulfhydryl content, accumulation of sudanophilic material causing uptake of water and sodium leading to swelling and disruptionGalactoseRatLenticular accumulation of dulcitol resulting in an osmotic accumulation of water in the lens, decrease in lenticular glutathione (GSH) concentrations, failure of cationic pump, decreased glycolysis, decreased concentrations of ATP[^6]From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Table 53.5, p. 2147, with permission.

### Toxicity of the Posterior Ocular Segment {#s0205}

The posterior segment of the eye is composed of the vitreous, choroid, tapetum, retina, and optic nerve. Tissue responses for these structures vary depending on their main constituent (e.g., gel vs neural vs vascular).

#### Vitreous Body {#s0210}

The most common toxic reactions of the vitreous body are the same types of reactions that occur in spontaneous connective tissue diseases elsewhere in the body: cellular and extracellular matrix proliferation. Rabbits are notorious for the formation of spindle cells and collagen membranes in the vitreous and across the retinal surface, favoring the production of traction bands that cause vitreal detachment, retinal folding, and subsequently lead to retinal detachment.

Several aspects of intravitreal (IVT) injections are important when faced with evaluating the consequences in the nonclinical and clinical settings. Delivery by the IVT route has the potential to cause vitreal degeneration and inflammation. Special attention has to be taken when analyzing IVT injection sites of biodegradable drug implants designed for sustainable drug delivery since the nature and size of the implants can sometimes induce vitreal inflammation. In general, such reactions are of minimal degree and limited to infiltration of lymphocytes and macrophages. The rate of drug depot dissolution may impact the translucency of the vitreous. Large amounts of opaque and dense substances can stay in the vitreous for extended periods, thereby causing temporary visual impairment. With this in mind, safety studies for assessing IVT products must take into account the animal model that has been used. For examples, rabbits present a denser vitreous, and thus are more inclined to locally retain substances for longer periods. This fact can also influence the rate of diffusion for the drug throughout the posterior globe.

#### Choroid {#s0215}

The choriocapillaris and adjacent uveal tissues are exposed to focused light in a local environment where lipid membranes are constantly being degraded by phagocytosis. Thus, these tissues are susceptible to toxicity by anything that enhances oxidative stress such as increased fat in the diet, chronic zinc deficiency, or hemochromatosis. Fisher 344 rats, but not Sprague--Dawley rats, develop deposition of adipose tissue in the choroidal stroma adjacent to the sclera as a response to systemic administration of peroxisome proliferator-activated receptor-gamma agonists. As described earlier, many substances that are toxic to the well-vascularized anterior uveal tissues (iris and ciliary body) also affect the choroid.

#### Tapetum Lucidum {#s0220}

Of the species commonly used in toxicity studies, the dog is the only one that has a *tapetum lucidum*. It is also important to notice that since humans do not have a tapetum, treatment-related findings observed in this tissue are unlikely to be relevant to human safety assessment. If treatment-related tapetal lesions are present, "atapetal" beagles (i.e., dogs with a poorly developed tapetum in which tapetal cells are present but lack intracytoplasmic rodlets) can be used as an alternative animal model to try to define the relevance of such lesions to humans. It has been shown, for example, that administration of imidazoquinoline to normal beagles causes tapetal and retinal lesions, but the same treatment in atapetal beagles results in no retinal changes. Because of the high concentration of zinc in the tapetal cells, this tissue becomes a target for zinc chelators. The severity of the lesions is variable, with some zinc-chelating drugs (pyrithione and hydroxypyridinethione) causing tapetal and choroidal necrosis with secondary retinal detachment while others (ethambutol) produce reversible, velvety-white discolorations of the tapetum. Nonchelating compounds such as enrofloxacin, dithizone, edentate, ethylenediamine derivates, CGS14796C (a potential aromatase inhibitor), and 1192U90 (an antipsychotic agent) also may cause tapetal-specific changes such as edema and degeneration with secondary retinal edema and detachment.

#### Retina {#s0225}

Retinal toxicity may result from either local or systemic delivery of toxicants. Topical absorption of ocular toxicants may occur through the conjunctiva, cornea, lacrimal system, or sclera. That said, retinal exposure to topically administered compounds is limited by the aqueous humor flow; by physical barriers imposed by the ciliary body, iris, and lens; and by enzymatic systems distributed throughout the ocular tissues. Systemic exposure to toxicants can occur through the uveal and/or retinal circulations; however, the blood--ocular barrier in the uveal circulation limits the vascular delivery of these compounds to the retina. Of the available routes of administration, IVT and subretinal injections offer the greatest opportunity for experimental evaluations of retinal toxicity and efficacy.

Toxic effects to the retina ore often best appreciated with TEM, although light microscopic changes of retinal toxicity may also be appreciated. Selected retinotoxic agents and associated ultrastructural and light microscopic lesions are described in [Table 22a.7](#t0040){ref-type="table"}, [Table 22a.8](#t0045){ref-type="table"} , respectively.Table 22a.7Ultrastructural Alterations Produced by Selected Retinotoxic Compounds in RatsCompoundUltrastructural alterationsVitamin AIncreased lipid droplets and mitochondrial destruction in RPE, mitochondrial destruction in PRC inner segmentsTrimethyltinMembrane-bound vacuoles and polymorphic dense bodies in PRC inner segments, PRC necrosis, dense-cored vesicles and tubules in ganglion cells, intracytoplasmic dense bodies in INLAmphiphilic cationic drugsAccumulation of crystalloid or lamellated inclusions in the cytoplasm of RPE or neuroretina; chloroquine only; multilamellated bodies in PRC inner segmentsFenthioneLoss of PRC outer segments, hypertrophy of RPE, pigment granules in subretinal space and penetrating OLMPerhexiline maleateLamellar and reticular cytoplasmic inclusions in all retinal cell types, crystalloid inclusions in RPE[l]{.smallcaps}-Ornithine hydrochlorideMarked expansion of cytoplasmic matrix and destruction of organelles in RPE→RPE degeneration/hyperplasia→secondary disruption of PRC outer segments2-Aminoxy propionic acidDisorientation, vacuolation, and disruption of PRC outer segments→secondary increase in lysosomal bodies and phagosomes in RPEZinc chelatorsNonmembrane-bound, electron opaque, scalloped inclusions in basal cytoplasm of RPEDoxorubicinNeurofilament accumulation in cell body and proximal axon of ganglion cellsGuanidinoethane sulfonate and β-alanineDisorganization of PRC outer segment membrane disks[d]{.smallcaps},[l]{.smallcaps}-α-Amino-adipic acidsDecreased electron density, cytoplasmic vacuolation, and necrosis of Müller cellsLeadPRC necrosis with electron-dense, shrunken inner, and outer segments; necrosis in INLAY9944Niemann--Pick disease-like inclusions in various retinal cell types, especially ganglion cellsGlutamateSwelling of nucleus, cytoplasm, and dendritic processes of ganglion cells; swelling and pyknosis in inner aspect of INLHexachloropheneVacuolation and tubulovesicular degeneration of PRC outer segment membrane disks[^7]From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Table 53.7, p. 2169, with permission.Table 22a.8Microscopic Alterations Produced by Selected Retinotoxic Compounds in RodentsCompoundSpeciesMicroscopic alterationsUrethaneRatLoss of PRC outer segments, decreased melanin granules in RPC, debris in subretinal space→loss of ONL, thinning of INL and focal proliferation of RPETrimethyltinRatPyknotic nuclei in ONL and INL, swollen dark staining PRC inner segmentsVigabatrinRatDisruption of ONL with outward displacement of PRC nucleiP-1727RatLoss of rods and cones, disorganization of ONL and INL*N*-Methyl-*N*-nicrosoureaHamsterArcades within the ONL, degeneration of RPE→retinal atrophyMouseRetinal thinning and rosette formation in offspring following maternal administrationCycasinMouse, ratNecrosis of the neuroblastic layer of the retina in neonates→retinal rosette formationCarbon disulfideRatAcute degeneration of retinal ganglion cellsFenthioneRatThinning of central retina, swelling and disorganization of RPE, melanin pigment about vessels[l]{.smallcaps}-Ornithine hydrochlorideRatDegeneration and focal denuding of RPE→secondary disruption of PRC outer segments2-Aminoxy propionic acidsRatFragmentation of PRC outer segments with outward migration and arcade formation by nuclei of ONLKainic acidRatPyknotic cells in inner aspect of INL and edema in the IPL→thinning and increased mitosis in INLGlutamateMouse, ratNecrosis and loss of cells in the ganglion cell layer and INL, vacuolation in plexiform layersDoxorubicinRatDecreased chromatin staining in ganglion cells, swollen axons in NFL→massive loss of ganglion cells[l]{.smallcaps}-CysteineRatMarked reduction in thickness of the NFL, ganglion cell layer, IPL, and ONLCytosine arabinosideRatRetinal dysplasia characterized by rosette formation and retinal disorganization and thinning[^8]From Haschek, W.M., Rousseaux, C.G., Wallig, M.A. (Eds.), 2013. The Handbook of Toxicologic Pathology, third ed. Academic Press, San Diego, CA, Table 53.8, p. 2170, with permission.

The following substances that affect the retina may be considered as prototypes of the kinds of changes that may be seen when evaluating the retina for toxicity using various morphological techniques. Different toxicants target distinct components of the retina.

*Aminophenoxyalkanes* are schistosomicidal drugs that induce retinal toxicity in several animal species, including the rat, rabbit, cat, dog, and nonhuman primate. Toxicity appears to affect the RPE, independent of pigmentation. The RPE cells show rapid necrosis that is associated with disruption of photoreceptor outer segments. Remaining RPE cells accumulate disc material and become hyperplastic.

*Antidepressant drugs* such as amiodarone, chloroamitriptyline, chlorphentermine, clomipramine, imipramine, iprindole, various aminoglycosides, and other cationic amphophilic compounds interfere with the enzymatic degradation of phospholipids. Systemic administration results in accumulation of phospholipids (i.e., phospholipidosis) in retinal cells, including the RPE. Storage is within cytoplasmic inclusions, where the lipids assume a crystal-like conformation. This effect is partially reversible upon discontinuation of treatment.

*Desferrioxamine*, an iron-chelating agent used to treat hemochromatosis, causes RPE and outer retinal degeneration culminating in vision loss in humans. Retinal toxicity in rats and rabbits only can be detected by functional testing \[electroretinography (ERG)\] and not by morphological analysis.

*Isopropylamine hydrochloride*, an ingredient in some herbicide and plastics formulations, causes retinal toxicity when given in high doses to rats and dogs. The lesion is characterized by loss of photoreceptors and RPE migration into the subretinal space.

*Fluoride* administered as a sodium salt intravenously at near-lethal doses to rabbits results in fluoride concentration within the eye. These very high concentrations lead to necrosis of the RPE and the photoreceptor outer segments.

*Iodates* given at high doses by intravenous administration cause retinal damage in several species, including humans. Iodate causes degeneration of the RPE basement membrane, with cytoplasmic swelling and loss of apical microvilli; the end stage is RPE necrosis, which is followed by photoreceptor cell apoptosis. The blood--retinal barrier is compromised, and the choriocapillaris atrophies. The mechanism of toxicity is not clear, but inhibition of lysosomal enzymes may play an important pathogenic role on the RPE lesion.

*Iodoacetate*, an inhibitor of glycolysis, is highly retinotoxic. High intravenous doses of iodoacetate to rabbits cause injury of rods and also affects phagocytic activity of RPE cells. Recently, a new pig model of inherited retinal dystrophy has been devised by administering a single intravenous dose of iodoacetic acid. Marked photoreceptor degeneration arises after 2--5 weeks.

*Lead* can cause lipofuscin accumulation in RPE cells of rabbits, leading to outer retinal degeneration. The presumed mechanism is chronic oxidative stress.

*Methanol* or its toxic metabolite *formic acid* will, if ingested, lead to outer retinal toxicity in humans and nonhuman primates. The presumed mechanism is altered cellular energy metabolism in the highly active retinal cells. In contrast, retinal toxicity can be produced in rats only by inhibiting formate oxidation, which occurs much more rapidly in this species and thus prevents the accumulation of formic acid. Methanol toxicity in rats shows that both mitochondrial disruption and cellular atrophy occur in the outer retina.

*4,4′-Methylenedianiline* is an intermediate in the production of isocyanates and polyurethanes. It causes retinal toxicity in pigmented and nonpigmented guinea pigs when inhaled, inducing degeneration of the photoreceptor inner and outer segments as well as the RPE. A retinal toxicity of unknown mechanisms also occurs in cats exposed through oral or parenteral routes.

*N-ethyl-N-nitrosourea (ENU)* is an alkylating agent considered to be mutagenic. It is well known to cause congenital malformations including anophthalmia, microphthalmia, and tumors in various locations, especially the nervous system. Chronic exposure to high doses also is retinotoxic in adult guinea pigs and rats. In rats, photoreceptors undergo degeneration early, with subsequent degeneration of RPE cells. A single high dose of ENU recently has been reported to cause outer retinal atrophy in adult BALB/c mice by inducing photoreceptor cell apoptosis.

*Naphthalene* is better known to cause cataracts, but it is also retinotoxic. After oral administration to rabbits, the chief lesion is RPE degeneration. It is speculated that the RPE lesion is secondary to increased oxidative stress combined with light-induced oxidative damage.

*Nitroaniline*, a rodenticide, causes retinal toxicity in humans, rabbits, and hamsters. The changes of note produced by oral administration are related to degeneration in the RPE and photoreceptors. A mechanism of toxicity has not been discovered.

*Organophosphates* inhibit cholinesterase and are commonly used as pesticides. Retinal degeneration and histological abnormalities of the RPE have been reported in some cases of toxicity, but this finding has been difficult to reproduce. The toxic mechanism remains unknown.

*Dibutyl oxalate* delivered subcutaneously to rabbits induces the formation of needle-like birefringent crystals in the cytoplasm of RPE cells, as well as in other organs (e.g., kidney, heart, testes). The crystalline deposits in the RPE can be detected as white flecks on the retina by indirect ophthalmoscopy. Histologically, RPE cells exhibit varied numbers of Pizzalato stain-positive (calcium oxalate), intracellular, needle-like crystals that often coalesce to form a single large deposit. The toxic mechanism is thought to be mechanical trauma of cellular membranes but altered calcium metabolism likely also plays a role.

*Phenothiazines* tranquilizers, including derivatives as piperidylchlorophenothiazine, thioridazine, and chlorpromazine, can cause clinically significant retinopathy in humans. Retinal toxicity also can be induced in cats, but not in rabbits, rats, guinea pigs, or dogs. Photoreceptor cells, particularly the rod outer segments, are the target tissue. The main lesion is degeneration of the outer segments of photoreceptor cells, which leads to thinning of the photoreceptor layer. The RPE cells undergo secondary hypertrophy via cytoplasmic accumulation of lipofuscin, melanolysosomes, and curvilinear bodies. Atrophy of the RPE layer is seen in the end-stage lesion. Phenothiazines bind to melanin and accumulate within the uvea and RPE. Phototoxicity related to photons interacting with the cell-bound chemicals has been postulated as a mechanism for inducing the retinal lesion. Chlorpromazine specifically also has the potential to cause cataract.

*Chloroquine* and *hydroxychloroquine* are used as antimalarial drugs and for the treatment of extraintestinal amebiasis and autoimmune diseases (rheumatoid arthritis and systemic lupus erythematosus). Chloroquine retinal toxicity occurs in humans, causing vision dysfunction. It is more severe over time and with high doses. In fully developed cases, a depigmented lesion surrounded by a pigmented ring ("bull's eye" depigmentation) is present at the macula. Several animal models of chloroquine-induced retinal toxicity have been developed, including the rat, cat, dog, rabbit, pig, and nonhuman primate. Cytoplasmic accumulation of membranous phospholipid inclusions occurs in retinal ganglion cells, photoreceptors, and the RPE. The RPE cells largely remain intact, but eventually the photoreceptor outer segments degenerate. Chloroquine is thought to inhibit lysosomal degradation. There is a very high affinity of chloroquine for melanin. While this depot effect has been proposed to be an important pathogenic mechanism, the significance of this binding in fact is not well understood.

*Taurine* is an amino acid that is concentrated in the photoreceptors, and is essential for retinal function. One critical RPE function is to transport taurine to the photoreceptors. Taurine is an essential amino acid for cats, so taurine depletion (by dietary insufficiency) in this species causes outer segment degeneration and loss of photoreceptor cells. The resulting functional defect is a reduced ERG. Guanidinoethyl sulfonate (GES) is an inhibitor of taurine uptake, and GES toxicity leads to a reduction in retinal taurine concentration and causes degenerative changes in the retina of cats.

Different toxicants may induce specific retinal lesions in different species. For examples, some toxicants like benzoic acid can induce retinal detachment in many species, while others like ethylene glycol and hydroxypyridinethione can induce retinal detachment only in cats and dogs, respectively. Others might target specific cell groups or regions of the retina. For example, 1,4-bis(4-aminophenoxy)-2-phenylbenzene(2-phenyl-APB-144) in multiple species and systemic treatment with enrofloxacin in cats have been reported to cause outer retinal atrophy, which is characterized by degeneration of the photoreceptors and the ONL. Other toxicants cause inner retinal atrophy, targeting the retinal ganglion cells \[amphotericin B (rabbit), chloramphenicol (human), and carbon disulfide (human, rabbit, and rat)\]; cells in the INL \[kainic acid (rat), ethylcholine mustard aziridinium ion (multiple species)\]; or both \[[l]{.smallcaps}-cysteine (rat), locoweed (*Astragalus mollissimus*, in cattle and sheep)\].

The retinal vasculature is also a potential target for toxic compounds. Retinal hemorrhage has been associated with obvious vascular toxicants like anticoagulants (warfarin) and agents that cause blood hyperviscosity (e.g., dextrans). Some less obvious compounds like prostaglandins, 2-butoxyethanol, and 3,3-iminidopropionitrile also impact retinal blood vessels, although the mechanisms often are not clear.

Vasoproliferative lesions are an important group of retinal and optic nerve lesions. These changes can be induced in primates and rabbits by IVT injections of angiogenic substances like basic fibroblast growth factor and VEGF. Retinal neovascularization can also be a sequela of prolonged exposure to other retinal toxicants like naphthalene.

#### Retinal Pigmented Epithelium {#s0230}

The RPE is especially sensitive to many toxic compounds because of its high metabolic activity. Distinct agents affect different species. Toxicants that notably impact the RPE are lead (rabbit), methanol (primates and rat), phenothiazines (human and cat), quinolones (rabbit and cat), tricyclic antidepressants (rat), and sodium iodate (mouse). As mentioned in the previous section, the RPE can also develop changes secondary to primary retinal lesions such as photoreceptor degeneration and retinal detachment. These changes develop because a major RPE function is to support photoreceptors (especially the outer segments), so loss of photoreceptors reduces the metabolic demands on the RPE.

#### Optic Nerve {#s0235}

Toxic reactions of the optic nerve are often secondary to disease processes occurring in the retina (especially to the retinal ganglion cells) or CNS. Primary toxic events to the optic nerve are relatively uncommon.

Congenital optic nerve disease has been reproduced in mouse models by targeted disruption of the sonic hedgehog (*Shh*) gene by genetic manipulation or by exposing pregnant dams during early gestation (approximately gestational day 9.5, just after the neural tube has closed to form the primordial face and brain) to the alkaloid cyclopamine (produced by the poisonous plant *Veratrum californicum*), which inhibits *Shh* gene transduction. Affected offspring will develop cyclopia (a single eye or two fused eyes), holoprosencephaly (a common forebrain rather than twin cerebral hemispheres), and optic nerve aplasia. Optic nerve aplasia and hypoplasia are also observed in the anophthalmic ZRDCT *Rax* ^*ey1*^ mice and in netrin-1^−/−^ mice. Coloboma, a congenital abnormality in which there is segmental aplasia of optic nerve, retina, and choroid, is found in many mouse mutations; among them are microphthalmia (*Mitf*), belly spot and tail (*Bst*), coloboma (*Cm*), and total cataract and microphthamia (*Tcm*). The variety of these mutations exposes the complexity of the molecular mechanisms involved in specifying the formation and remodeling of the developing optic nerve.

Multiple toxic substances are capable of producing optic "neuritis" in humans and laboratory animals. The common morphological appearance of such lesions is demyelination and degeneration of axons in the optic nerve, with secondary degeneration of retinal ganglion cells and, in severe cases, associated degenerative lesions in the white matter of the brain optical pathway; when present, inflammation is characterized by lymphocytic and less often neutrophilic infiltration. Examples of chemicals that induce optic neuritis include hexachlorophene (humans and rats); arsanilic acid (humans and pigs); carbon disulfide (humans, rabbits, and mice); thallium (humans); cyanide (humans and rats); ethylene glycol (humans); and methanol (humans). Many drugs also may cause optic neuritis, including multiple antimicrobials---chloramphenicol (humans); clioquinol (humans, dogs, and cats); ethambutol (humans, monkeys, rats, and rabbits); and linezoid (humans)---as well as the antiarrhythmia agent amiodarone (humans) and the erectile dysfunction drugs sidenafil, tadalafil, and vedenafil (humans). No common mechanism of action has been found to explain the involvement of the optic nerve in the degeneration and inflammation induced by these agents.

### Toxic Elevation of the Intraocular Pressure {#s0240}

Elevated IOP can be considered a significant toxic effect of some drugs. These agents can directly increase IOP, or they can cause intraocular structural damage that will lead to secondary glaucoma. Parasympatholytic drugs such atropine, homatropine, and scopolamine can paralyze the ciliary muscles and increase the IOP in humans, dogs, and cats. Systemic or topical administration of corticosteroids can increase the IOP in humans. It is believed that corticosteroids affect the metabolism of the trabecular meshwork (TM) cells, impairing their ability to degrade glycosaminoglycans and phagocytize debris; the accumulating detritus gets deposited and obstructs the aqueous outflow. This toxic reaction is rare in animals. Transient elevation of IOP was reported in rabbits treated with almost lethal systemic doses of corticosteroids, and there is one report of increased IOP in a cat treated with dexamethasone. Viscoelastic substances injected into the anterior chamber during intraocular surgeries (to protect the corneal endothelium) have been implicated in the induction of significant postoperative increase in IOP in humans and dogs. IOP may be decreased in association with intraocular inflammation and with exposure to cardiac glycosides (via decreased production of aqueous by the ciliary body) and iodacetate and quinine (by direct damage to the ciliary body epithelium).

Summary {#s0245}
-------

The critical nature of vision as a sensory modality for humans renders ocular toxicology pathology, a critical component of nonclinical safety assessment. In many respects, analysis of the eye presents many unique challenges to toxicologic pathologists. Distinctive features of the eye include many interspecies differences in anatomy, and the need for special processing techniques to preserve small and/or delicate structures. In-life evaluations often provide an equal or better assessment to pathology endpoints for some ocular conditions; indeed, in some cases routine pathology parameters will not reveal that a toxicant has produced an adverse effect. Generally, accurate identification and diagnosis of microscopic findings requires an awareness and understanding of clinical ocular findings. Familiarization with ophthalmic terminology and the use of specific clinical and histologic diagnostic terms is essential for accurate communication. Mechanisms of ocular toxicity in animals often are mirrored in humans for those parts of the eye that occur across species.
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**Abstract**

This chapter describes the specialized anatomy, physiology, and pathology of toxic insults to the ear. This system serves two functions---hearing and balance. Sound is sensed in the cochlea, specifically the organ of Corti, with transmission of vibrations from the tympanic membrane, through the middle ear ossicles, to the cochlea, and thence as electrical impulses through the cochlear portion of cranial nerve (CN) VIII to the brain. Balance is sensed by the "gyroscopes" of the vestibular apparatus, including the semicircular canals as well as the utricle and saccule, which have specialized linings to sense changes in fluid inertia (i.e., motion) and gravity (or linear acceleration); this information is forwarded to the brain via the vestibular portion of CN VIII. Systemic exposure to certain xenobiotic classes may induce ototoxicity by damaging the sensory hair cells, supporting cells, and/or afferent nerves in either the cochlea or the vestibular apparatus.
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Introduction {#s9800}
------------

The ear is not commonly evaluated in routine nonclinical toxicity studies, either from a functional or morphologic perspective. Most of the ear lesions commonly observed in routine toxicity studies are limited to the pinna and external ear canal. The evaluation of these ear components might be incorporated with the integument and associated adnexal glands (Zymbal's gland in rodents). However, there is much more to the ear than these external features, and failure to consider the potential for ototoxicity---toxic injury in the middle ear and inner ear---may have potentially profound consequences for individuals exposed to certain drugs and environmental contaminants.

The ear serves two functions---hearing and balance. These tasks are centered in the cochlea (hearing) and vestibular apparatus (balance). Sound waves in the air are transmitted as vibrations from the tympanic membrane, through the movements of the three middle ear ossicles, to the fluid-filled cochlea. Waves induced in the fluid by the vibrating tympanic membrane stimulate the hair cells (sensory epithelium) in the organ of Corti within the cochlea. Balance is sensed by the "gyroscopes" of the vestibular apparatus, specifically the semicircular canals as well as the utricle and saccule, which have specialized linings of hair cells to sense changes in fluid inertia and gravity (or linear acceleration), respectively. Neural signals from the cochlea and vestibular apparatus are passed centrally to the appropriate brain centers via separate divisions of cranial nerve VIII (the vestibulocochlear nerve).

Although numerous compounds of diverse type are known to cause toxicity in other organs (e.g., the liver, with thousands of known toxicants), relatively few compounds are known to cause ototoxicity---a little more than a hundred. Due to the infrequency of ototoxicity and the difficulty in assessing the delicate target tissues within the bone-encased ear, this system is not typically evaluated, either grossly or microscopically, in the course of conventional toxicity studies in animals. However, evaluation of the ear will be necessary under some circumstances. As a practical matter, when defining a program to assess pharmaceutical safety, test substances that are locally applied to the external, middle, or inner ear ought to be the focus of studies that are designed to assess ototoxic potential.

Structure and Function {#s9805}
----------------------

### Gross Anatomy and Function {#s9810}

In laboratory animal species the ear can be divided into three compartments ([Figure 22b.1](#f9010){ref-type="fig"} ). The external ear includes the pinna and external ear canal. The tympanic membrane (ear drum) is the barrier between the external auditory meatus (ear canal) and the middle ear. The middle ear is housed in the tympanic bulla and contains three small bones (ossicles), which transmit tympanic membrane vibrations to the cochlea. The inner ear is comprised of the cochlea and the vestibular apparatus.Figure 22b.1Stylized drawing of the components of the human inner ear. The cochlea, semicircular canals, and vestibule form the bony labyrinth, while the membranous structures within form the membranous labyrinth. Areas of dense black ink indicate regions along the walls of the membranous labyrinth that are occupied by sensory epithelia. Stippled areas define the interior of the membranous labyrinth and contain endolymph. White spaces within the bony labyrinth contain perilymph.*Source*: Original line drawing by R.M. Blumer.

The tympanic bulla is an air-filled space bridged by the middle ear ossicles (malleus, incus, and stapes) ([Figure 22b.2](#f9015){ref-type="fig"} ). The malleus (hammer) is embedded broadly in the tympanic membrane and articulates with the incus (anvil). The incus has muscular attachments to the wall of the tympanic bulla. The incus articulates in turn with the stapes (stirrup); the footplate of the stapes lies in the oval window of the cochlea. This mechanical apparatus amplifies the tympanic membrane vibrations, possibly providing an increase in magnitude of as much as 20-fold. The auditory (pharyngotympanic or Eustachian) tube originates in the rostral (anterior) wall of the tympanic bulla and extends to the nasopharynx. It allows for drainage of fluid from the middle ear and normalization of pressure across the tympanic membrane.Figure 22b.2Gross structure of the guinea pig bulla and cochlea. (A) Base of the skull (observed from below). The bulla of the right ear (on the left) is intact, while that of the left ear (on the right) has been opened to expose the cochlea. (B) An isolated bulla has been opened to reveal the cone-shaped tympanic membrane (tm) and the cochlea (covered in a bony wall). (C) Isolated, opened bulla with the cochlea partially dissected to expose the apical coils of the cochlear spiral. The round window (rw) and stapes (in position in the oval window) at the base of the cochlea are indicated. (D) Scanning electron micrograph of the guinea pig cochlea, with the bony wall opened to expose the interior. The spiraling organ of Corti is indicated, and the tissues that form the lateral wall of the scala media can be seen. The round window (rw) and the stapes (in position in the oval window) are indicated. Scale bars: 0.5 mm.*Source*: Figure reproduced from Forge, A., et al., "Toxicological neuropathology of the ear," in: Bolon, B., Butt, M.T. (Eds.), 2011. Fundamental Neuropathology for Pathologists and Toxicologists. Wiley, Figure 23.2, p. 415 with permission.

The cochlea lies on and is embedded in the medial wall of the tympanic bulla ([Figure 22b.2](#f9015){ref-type="fig"}). It is almost entirely contained within the temporal bone in primates. The round window of the cochlea is readily visible as a membrane-lined structure adjacent to the oval window. The entire vestibular apparatus (semicircular canals, utricle, and saccule) is contained within the bones of the skull and so is not readily visible during gross examination.

### Microscopic Anatomy and Function {#s9815}

The pinna has a cutaneous lining on both the external and internal surfaces. The more external areas have a thin epidermis and dermis with a paucity of hair follicles. In the external auditory meatus just outside of the bony collar in the rabbit, but not rodents, the ear canal retains the thin epidermis but has a circumferential zone containing sebaceous glands (ceruminous glands) but lacking hair follicles. Rodents instead have a relatively large compound sebaceous gland, the Zymbal's gland, located cranioventral to the ear canal. Within the more medial portions of the external acoustic meatus, defined by the presence of the bony collar, the dermis is very thin to nonexistent so that the epidermis is almost lying on the temporal bone. The dermis and epidermis of the auditory meatus that abuts the tympanic membrane lack any adnexal structures; in fact, the epidermis continues seamlessly as the external squamous epithelial lining of the tympanic membrane. The auricular cartilage of the pinna is comprised of a fibrocartilaginous core.

The tympanic membrane is lined externally and internally by a thin, simple squamous epithelium. The stroma of the tympanic membrane has areas that are thin, fibrous, and tightly stretched (typically found centrally) as well as areas closer to the periphery, which are fleshy and highly vascularized. The air-filled tympanic bulla is lined by a mucous membrane with epithelium varying from tall columnar with goblet cells to a thin squamous covering. The auditory tube is lined by a columnar ciliated respiratory epithelium with goblet cells.

The inner ear (cochlea and vestibular apparatus) bulges into the lumen of the tympanic bulla but is contained within the temporal bone of its medial wall. The stapes footplate rests within the oval window; the oval window connects with the vestibule of the inner ear. The vestibule communicates with the cochlea and the semicircular canals of the vestibular apparatus. The utricle and saccule of the vestibular apparatus are contained within the vestibule. The membranous labyrinth is contained within the encasing bony labyrinth. The membranous labyrinth contains endolymph, while the space between the membranous labyrinth and bony labyrinth contains perilymph.

The cochlea is a spiral-shaped structure that has 2.5--3.5 turns, depending on the mammalian species ([Figure 22b.3](#f9020){ref-type="fig"} ). The three turns are often referred to as apical, middle, and basal turns. The otic capsule is the hard external supporting structure of the cochlea and is part of the temporal bone. There are three fluid-filled spaces in each turn of the cochlea: the scala tympani, scala vestibuli, and scala media ([Figures 22b.3](#f9020){ref-type="fig"} and [22b.4](#f9025){ref-type="fig"} ). The scala tympani and scala vestibuli are continuous, meeting at the most apical turn of the spiral, and contain perilymph. The scala media is located between the scala tympani and scala vestibuli and contains endolymph. Perilymph is high in sodium (Na^+^) and low in potassium (K^+^), while the endolymph is high in K^+^ and low in Na^+^. The chemical potential, formed by the differential electrolyte concentrations between the canals containing perilymph and endolymph, is essential for the function of the hair cells.Figure 22b.3Mid-modiolar section of the cochlea from a control chinchilla. The organ of Corti for the basal turn is located between the brackets (at lower right). *CN*, cochlear nerve; *M*, modiolus; *OC*, otic capsule; *SM*, scala media; *ST*, scala tympani; *SV*, scala vestibuli; *TB*, lumen of the tympanic bulla (middle ear), which is normally an air-filled space; \*, spiral ganglia. Glycol methacrylate (GMA \["Soft plastic"\]) section, H&E stain. 2.5× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.3, p. 2192 with permission.Figure 22b.4Section of one turn from a mid-modiolar section of the cochlea from a control chinchilla. The arrow denotes the organ of Corti. *CN*, cochlear nerve; *LS*, limbus spiralis; *RM*, Reissner's membrane; *SG*, spiral ganglion; *SL*, spiral ligament; *SM*, scala media; *ST*, scala tympani; *StV*, stria vascularis; *SV*, scala vestibuli; *TB*, lumen of the tympanic bulla. GMA plastic section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.4, p. 2192 with permission.

Within the scala media is the organ of Corti ([Figures 22b.3](#f9020){ref-type="fig"} and [22b.4](#f9025){ref-type="fig"}), which consists of the inner and outer sensory hair cells and the associated supporting cells and matrix ([Figure 22b.5](#f9030){ref-type="fig"} ). The inner hair cells normally occur as a single row running the length of the spiral of the scala media, while the outer hair cells occur as three rows. The inner hair cell is the true otic sensory cell. Deflection of the inner hair cell's stereocilia by sound-induced fluid waves traveling in the endolymph opens transduction ion channels in the apical cell surface that allow influx of K^+^ ions into the cell from the endolymph. This flow in turn activates voltage-sensitive calcium (Ca^++^) channels and Ca^++^-activated K^+^ channels in the lateral and basal membranes, in turn causing release of neurotransmitters at the base of the inner hair cell. Nerve fibers synapse with the inner hair cell and are bipolar neurons of the cochlear (auditory) nerve. The soma of each neuron is located in the spiral ganglion.Figure 22b.5Detailed schematic drawing of the organ of Corti. The sensory elements in any given section consist of a single inner hair cell located medially (to the left) and three outer hair cells arranged in a row laterally, with their support cells. The tectorial membrane (T) normally rests on the stereocilia projecting from the apical surfaces of the hair cells, which are bathed in endolymph contained within the scala media (SM). This membrane is supported by the spiral limbus (limbus spiralis, LS). Corti's tunnel (CT) is formed by the pillar cells of the organ of Corti. Phalangeal cells contact the basal portions of the outer hair cells, but the majority of the lateral surfaces of the hair cells are bathed in perilymph of the scala tympani (ST).*Source*: Original line drawing by R.M. Blumer.

Deflection of the stereocilia of the outer hair cells causes the opening of ion channels and results in rapid changes in length and stiffening of the outer hair cell cytoskeleton. These changes in the outer hair cells amplify the wave signal to the inner hair cells. Inner and outer hair cells are terminally differentiated and thus do not proliferate and are not regenerated.

Within the scala media on the lateral wall is the stria vascularis and the spiral ligament. The stria vascularis contains cells with membrane ion pumps and channels that maintain the charge differential between endolymph and perilymph. The spiral ligament anchors the membranous cochlea to the adjacent bony walls of the spiral canal.

As sound is transmitted from the stapes across the oval window, it causes vibratory waves in the perilymph and endolymph to travel through the cochlea. The vibrations in both these fluids trigger the outer hair cells, which amplify the signal transmitted to the inner hair cells by fluid waves carried in the endolymph; the outer hair cells likely act by increasing the vibration in the basilar membrane. The basal turns detect high-frequency sounds, while the apical turns detect low-frequency sounds.

The saccule and utricle (otolith organs) of the vestibular apparatus are located within the vestibule of the inner ear. The saccule and utricle each have a placode of tissue called the macula or otolith membrane ([Figure 22b.6](#f9035){ref-type="fig"} ). This macula is lined by hair cells and other supporting epithelial cells and rests atop loose connective tissue. These cells are innervated by fibers of the vestibular nerve, the neurons of which are located in the vestibular ganglion. The surface of the macula has an adherent viscous gel in which the hair cells are embedded. Microliths (otoliths) are also entrapped within this gel. The microliths respond to gravity by causing the gel to sag, and the stereocilia on the hair cells to bend. This deflection allows for sensation of the location and orientation of the head relative to the force of gravity based on the distortion of stereocilia within the otolith organs.Figure 22b.6A macula of the otolith organs from the vestibular apparatus of a control chinchilla. The surface is covered by a layer of otoliths (shown as dark basophilic granules) embedded in a gel. The sensory epithelia have stereocilia that project into the gel. Underlying the sensory epithelium is a loose connective tissue matrix traversed by nerve fibers. The vestibular ganglion lies within the adjacent bone (at the bottom of the image). GMA plastic section, H&E stain. 10× objective. *Inset*: High magnification of the otoliths resting on the sensory epithelium of the vestibular apparatus. GMA plastic section, H&E stain. 40× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.6, p. 2195 with permission.

The semicircular canals of the vestibular apparatus are membrane-lined bony canals. The membranes have a single crista ampullaris in each canal that protrudes into the lumen and is located near the entrance to the vestibule ([Figure 22b.7](#f9040){ref-type="fig"} ). The semicircular canals are roughly oriented in three distinct planes representing unique *x*, *y*, and *z* axes, which allows for rotational sensation in all directions. The cupola is the gel-like material on the luminal surface of the cristae in which the stereocilia of the hair cells are embedded. As the head is turned, inertia of the fluid within the semicircular canals causes the stereocilia of the hair cells to flex, thereby allowing the detection of motion.Figure 22b.7Crista ampullaris from the vestibular apparatus of a control chinchilla. The central mound of tissue is lined by sensory epithelium with stereocilia embedded in the cupola, a gel (the amorphous eosinophilic material) located on the apex. The loose connective tissue underlying the sensory epithelium is traversed by nerve fibers. GMA plastic section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.6, p. 2196 with permission.

Testing for Otic Toxicity {#s9820}
-------------------------

### General Strategy {#s9825}

The clinical health of the ear can be easily assessed during the *in vivo* phase or at necropsy via otoscope, or by various neurological tests that assess the function of the cochlea, vestibular apparatus, or vestibulocochlear nerve. Histologic evaluation of the external ear is best done by taking a section along the longitudinal axis of the pinna and canal to allow for evaluation of the surface features as well as the supporting tissues. However, the usual practice is to focus the histologic analysis on the middle ear and inner ear, or even to limit the entire histologic analysis to the sensory organs in the inner ear if the potential ototoxicant is to be encountered as a blood-borne agent.

### Tissue Processing {#s9830}

For routine screening studies, ear specimens are typically fixed by immersion of the entire skull in neutral buffered 10% formalin (NBF), approximately pH 7.4. In general, however, the best preservation of the middle and inner ears requires that fixative be introduced directly into the tympanic bulla by chipping an opening in the bulla at necropsy. Care must be taken not to disturb the ossicle bridge if this dissection approach is chosen.

Difficulties in trimming the ear canal are largely a matter of geometry since the canal is not a straight tube and the inner ear divisions vary considerably in three dimensions over short distances. If sectioned appropriately, sections through the ear canal may include sections of the tympanic bulla (middle ear) including one or more ossicles, the auditory tube, or the inner ear---but not all three in any given section. Any ear canal examination should also strive to include the tympanic membrane. Because the ear is a complex three-dimensional structure, multiple step sections are necessary to sample major middle and inner ear structures. In general the best combination is to evaluate the external and middle ear structures together while leaving the inner ear analysis for another block.

Optimal preservation of ear cytoarchitecture for dedicated ototoxicity studies typically requires embedding in plastic (typically glycol methacrylate (GMA), "soft plastic"), or sometimes "hard plastic" epoxy resins) instead of paraffin because plastic provides sufficient detail to fully evaluate the cellular and subcellular features of the organ of Corti. However, paraffin is used commonly in screening studies where ototoxicity is not expected and the ear is just one of many organs to be examined. Bony specimens are decalcified prior to embedding; calcium chelators like ethylene diamine tetraacetic acid (EDTA) are preferred over formic acid solutions for this purpose because chelators offer better protection to the fine cytoarchitectural detail of the delicate sensory epithelia.

In evaluating the cochlea for ototoxicity, many laboratories produce cochlear whole mounts, which provide a surface view of hair cell--rich sensory structures, or perform scanning electron microscopy (SEM) of the hair cell surface structure focusing on the arrangement and morphology of the apical stereocilia. For these high-resolution techniques, animals will usually be perfusion-fixed with a combination of methanol-free formaldehyde (made from paraformaldehyde powder) and glutaraldehyde (typically between 1% and 4% of each). Hair cells are subsequently counted, with missing hair cells identified by gaps in the regular arrangement of the hair cells.

Because the inner ear consists of very delicate epithelial and neural sensory elements contained within very tough bony and fibrous supporting structures, it is not readily amenable to routine histologic techniques. This inaccessibility may result in processing artifacts within the fragile elements of greatest interest to the toxicologic risk assessment. In particular the discernment of subtle lesions may be problematic. For this reason, many ototoxicity studies include a positive control group (e.g., one treated with a known ototoxic agent) as a helpful aid to determining the toxicity of the test article. The ability to detect known lesions in a concurrently treated positive control group permits calibration of the artifactual abnormalities that should not be interpreted as test article-induced lesions. Aminoglycosides like gentamicin are popular choices as positive control ototoxicants.

### Test Species Selection {#s9835}

Species commonly used for ototoxicity studies include mice, rats, guinea pigs, chinchillas, rabbits, dogs, and nonhuman primates. One potential advantage of rodents is that they are small enough that the entire head, with brain and both ears left in in situ, can be serially or step-sectioned to examine otic and their allied neural tissues. Guinea pigs and chinchillas are preferred for toxicity studies of the inner ear as they have a relatively large tympanic bulla that can be harvested intact, with very little of the cochlea embedded in the temporal bones. Both these species also have 3.5 turns in the spiral of the cochlea, while rats and humans have only 2.5 turns. It is thought that these additional turns provide more tissue as a target for ototoxic agents as well as for detailed histopathologic evaluation.

Mice are very useful animal models for basic research. There are approximately 100 strains with naturally occurring mutations resulting in various auditory or vestibular function defects. However, strain selection in mice can be very important for ototoxicity research due to these inherited background defects and known mutations affecting hearing and/or balance. For example, the 129-related strains, commonly used for producing gene targeted (knockout/knockin) mice, have moderate hearing impairment, while FVB strain animals often used in generating transgenics do not have hearing deficits. Similarly, CD1 mice have complete hearing loss by about 6 months of age, animals with a C57BL/6 genetic background have progressive presenile hearing impairment that is a bit slower in onset, and CBA-derived mouse strains tend to have normal hearing.

Besides chinchillas, guinea pigs, and mice, other species are used less frequently for ototoxicity studies. Rats typically are utilized where dosing is applied to the external or middle ear. Rabbits are a logical choice for dosing to the external ear canal, although rats and dogs are occasionally used for these types of studies as well. Dogs may be used in ototoxicity studies but are not the first choice of species because approximately half of the cochlea is embedded within the temporal bone and requires longer decalcification. Nonhuman primates may be the species of choice for ototoxicity testing based on the pharmacologic activity of the test substance, especially if it is a biotechnology-based material. However, the inner ear of primates is entirely embedded within the temporal bone, making decalcification and preparation of tissue more difficult.

Responses to Injury and Mechanisms of Injury {#s9840}
--------------------------------------------

### External Ear {#s9845}

The pinna of the external ear is readily assessed clinically and grossly at necropsy with palpation, observation, and otoscopic examination. Otitis externa is usually not observed in toxicology studies, but, if present, may be associated with bacterial or fungal infections. For rabbits, hemorrhages on the dorsal surface of the pinna are frequently observed at necropsy as the ear veins are a convenient location for blood collection and intravenous dosing during toxicity studies.

Some strains of rats may develop auricular chondritis of the pinna. Sprague-Dawley, Crl:CD, and fawn-hooded rats are particularly susceptible. This well-described syndrome occurs in animals greater than 6 months of age and usually presents bilaterally as single or multiple nodules or diffuse thickening of the pinna. Microscopically the swollen areas consist of granulomatous inflammation centered on the auricular cartilage. The cartilage may exhibit regenerative hyperplasia in addition to inflammation-induced degeneration, and there may be areas of bone formation within the damaged cartilage.

Neoplasms occasionally occur in the external ear. The most frequent are large Zymbal's gland tumors that arise in rodents, especially rats. These tumors include adenomas and carcinomas that may have squamous cell differentiation, but sebaceous differentiation to some degree is normally identifiable. The Zymbal's gland may also develop ductal cysts that are filled with secretory material, but the epithelial lining remains well differentiated.

Other incidental changes that may be seen on the pinna are wounds from bites or by the placement of identification marks (ear notches or tags). These openings may become infected. Ceruminous plugs filling the ear canal can be observed in rodents. Small foreign bodies such as bedding may be entrapped in the ear canal.

Application of test articles to the external ear canal is often anticipated to produce changes in the canal. Findings are often irritant reactions that may be induced by vehicle alone as well as by the test article. For example, dosing with isotonic saline one or more times per day for multiple days will produce minor changes in the external ear canal, generally consisting of minimal to mild hyperplasia of the epithelial lining. With substances that are more irritating, the subepithelial tissues will in time become edematous and local blood vessels will become congested, producing a reddened and swollen appearance when viewed otoscopically. Frank hemorrhage of the subepithelial tissues may develop as well.

With advancing degrees of irritation the surface epithelium may become eroded or ulcerated ([Figure 22b.8](#f9045){ref-type="fig"} ), which will often induce fibrosis and a variable degree of inflammation within the underlying tissues. Suppurative inflammation (rich in heterophils (in rabbits)/neutrophils (in other mammalian species)) of the dermis and epidermis may range from minimal to intense, and may contribute to the formation and expansion of serocellular exudates (crusting) in the canal lumen. The epidermis initially may have pustules and transmigrating heterophils/neutrophils ([Figure 22b.9](#f9050){ref-type="fig"} ), but with chronicity clusters or diffuse infiltrates of lymphocytes and plasma cells will form. As compensatory responses to long-standing inflammation the ceruminous glands will become both hypertrophied and hyperplastic, presumably by secreting increased amounts of cerumin as a protective mechanism. The glands may have heterophilic/neutrophilic infiltrates both around the glands and as plugs within their lumens ([Figure 22b.10](#f9055){ref-type="fig"}, [Figure 22b.11](#f9060){ref-type="fig"} ). The epithelium lining the external surface of the tympanic membrane may be hyperplastic due to ear canal irritation. Similarly the stroma of the tympanic membrane may become congested, edematous and acquire infiltrates of heterophils/neutrophils. The tympanic membrane is generally a good barrier that prevents materials within the canal from entering the middle ear, so extension of external ear canal changes to the middle ear is infrequent. However, with more severe irritants the tympanic membrane may become necrotic and even rupture (typically in the center rather than at the margins), thereby permitting access of external ear contaminants into the middle ear chamber. Figure 22b.8Bony portion of the external ear canal from a rabbit dosed with an irritating solution via the external ear canal. The tympanic membrane is to the left. The epidermis in the lower portion of the canal is necrotic and lifting away from the dermis. Adjacent areas of the dermis as well as the dermis of the opposite wall have areas of acute hemorrhage. Paraffin section, H&E stain. 2.5× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.8, p. 2201, with permission.Figure 22b.9External ear canal from a rabbit dosed with an irritating solution via direct instillation into the canal. Extensive heterophilic pustule formation is evident in the superficial epidermis, while the deeper dermis is mildly expanded by edema and hemorrhage but relatively few heterophils (considering the intense degree of the surface reaction). Heterophils are brightly eosinophilic and look like hemorrhage at this low magnification. Paraffin section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.9, p. 2201, with permission.Figure 22b.10Typical sebaceous glands from the external ear canal of an untreated rabbit. Note the relatively small size of the individual sebaceous glands. Paraffin section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.10, p. 2202, with permission.Figure 22b.11Abnormal sebaceous glands from the external ear canal of a rabbit dosed with an irritating solution via the external ear canal. Several glands have large, bright eosinophilic plugs of heterophils and some cerumin (secretion) in the ductular and acinar lumens, while the epithelium of all glands is both hypertrophied and hyperplastic. Inflammatory cells are scattered in the dermis. Paraffin section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier),Figure 54.10, p. 2202 with permission.

### Middle Ear {#s9850}

A variety of spontaneous changes may occur in the middle ear. Germ-free animals have only a few lymphocytes in the mucosal lamina propria of the tympanic bulla. Conventionally raised and housed animals may have minimal to moderate numbers of lymphocytes in the lamina propria (thought to serve a sentinel function) and occasionally a mixed inflammatory infiltrate (which includes plasma cells and a few neutrophils) may be present.

Bacterial otitis media is a relatively common condition in guinea pigs. Accordingly a thorough otoscopic examination should be performed prior to placement of animals on study; infected individuals exhibit reddening of the tympanic membrane, and sometimes outward distortion of its central region due to obstruction of the auditory tube and/or accumulation of inflammatory cells and secretions. Bacterial otitis media is also a frequent finding in immunodeficient mice ([Figure 22b.12](#f9065){ref-type="fig"} ), but it is reported to be uncommon in wild-type mice and rats. Bacterial otitis media is usually suppurative in nature, leading to an extensive influx of heterophils/neutrophils in response to debris from degenerating cells. The mucosa lining the middle ear will generally be hypertrophied and hyperplastic, consisting of a cuboidal to columnar layer with prominent cytoplasmic vacuolation and goblet cell production. Areas of the mucosa, especially those located ventrally, may develop squamous metaplasia. The mucosal thickness will often be increased by some combination of soft tissue edema, vascular congestion, and formation of glandular structures. Otitis media is often also associated with severe infections of the upper respiratory tract, rupture of the tympanic membrane, or neoplasia in the external ear canal.Figure 22b.12Tympanic bullae from a 5-month-old mouse contrasting the normal features of an unaffected ear (A) with acute panotitis (B). Protein-rich fluid bearing many degenerate neutrophils fills the external acoustic meatus (EAM) near a large fragment of plant debris (arrow). The keratinized squamous epithelium of the EAM is ulcerated at the base near the transition to the tympanic membrane. The lumen of the tympanic bulla (TB (middle ear)) contains myriad neutrophils, and the ciliated respiratory epithelium lining the bulla is ulcerated segmentally. The incus \[I\] is visible in both sections. Acute hemorrhage is evident throughout the cochlea (C). Paraffin section, H&E stain, 4× objective.*Source*: These panels were provided by Dr. Krista La Perle, Comparative Pathology and Mouse Phenotyping Shared Resource and the Department of Veterinary Biosciences, College of Veterinary Medicine, The Ohio State University. Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.13, p. 2203, with permission.

Catarrhal otitis media occurs as an acellular exudate in the lumen of the tympanic bulla. The exudate appears to be a mixture of mucous and serous products. The epithelium typically will be hyperplastic while blood vessels in the submucosa will be dilated. Because of the favorable environment, this sterile condition may progress to a suppurative bacterial otitis media with time.

Cholesteatomas occasionally are observed in the middle ears of animals. These masses are neither neoplasms nor are they necessarily rich in cholesterol. They are thought to arise from rupture of the tympanic membrane with migration of squamous epithelium into the tympanic bulla. This epithelium proliferates to form a keratinizing squamous cyst ([Figure 22b.13](#f9070){ref-type="fig"} ). Breakdown of the entrapped cells releases membrane-bound cholesterol. The hydrophobic nature of this material causes it to condense, so the cholesterol-rich depot will progressively enlarge.Figure 22b.13Squamous cyst in the tympanic membrane of a rabbit. Given sufficient time, this focal lesion could develop into a cholesteatoma. The malleus (a middle ear ossicle) is to the right. Note the hyperplastic epithelium lining the external surface of the tympanic membrane (to the left in the image). The tympanic membrane is also thickened by multiple foci of hemorrhage. Paraffin section, H&E stain. 5× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.14, p. 2204 with permission.

Direct dosing to the middle ear is a viable route for administering pharmaceuticals. Xenobiotics may be injected through the tympanic membrane or via a defect created in the wall of the tympanic bulla; the latter approach is often selected for placement of a cannula to permit repeated dosing. A common alteration following introduction of agents into the tympanic bulla is an irritant response. Many of the middle ear reactions to directly instilled vehicles and test articles are similar to those described earlier for the spontaneous otitides. As with the external ear, treatment with isotonic saline will cause some changes in the middle ear including minimal to mild hyperplasia and hypertrophy of the mucosal epithelium as well as minimal edema of the lamina propria ([Figure 22b.14](#f9075){ref-type="fig"}, [Figure 22b.15](#f9080){ref-type="fig"} ). With more irritating substances, heterophilic/neutrophilic infiltrates will develop within the lamina propria and in most cases initiate a suppurative cellular exudate in the tympanic bulla lumen ([Figure 22b.16](#f9085){ref-type="fig"} ). Over time the lamina propria may also contain numerous lymphocytes, plasma cells, and macrophages. Within the lamina propria the vessels may be dilated and congested, hemorrhage may occur, and new glands may expand the underlying lamina propria ([Figure 22b.17](#f9090){ref-type="fig"} ).Figure 22b.14Tympanic bulla from a guinea pig in which the test article was introduced directly into the middle ear. The mucosal lining to the right is characterized by squamous metaplasia with underlying suppurative inflammation. The mucosa to the left is ulcerated. GMA plastic section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier),Figure 54.15, p. 2204, globally update with permission.Figure 22b.15Tympanic bulla from a control rabbit in which vehicle was introduced directly into the external ear canal. The mucosa is considerably expanded by edema and has many congested vessels with multiple foci of hemorrhage. Paraffin section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.16, p. 2205 with permission.Figure 22b.16Tympanic bulla from the contralateral (untreated control) ear of a rabbit. The diffuse mild infiltrate of heterophils represents a spontaneous change that must be distinguished from an irritant effect if it were observed in a treated ear. Paraffin section, H&E stain. 20X Objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.17, p. 2205, with permission.Figure 22b.17Tympanic bulla from a chinchilla in which the test article was introduced directly into the middle ear. The mucosa of the bulla (upper portion of image) is expanded by edema and loose connective tissue to such a marked degree that the entire mucosal thickness cannot be observed in one field even at this low magnification; this can be readily appreciated by comparing this image to the expanse of stroma in [Figure 22b.14](#f9075){ref-type="fig"}. The mucosa also harbors multiple large infiltrates of neutrophils as well as diffuse infiltrates of other inflammatory cells types. Paraffin section, H&E stain. 5× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.18, p. 2205 with permission.

Particularly severe and chronic conditions may result in proliferation of fibrous connective tissue and/or bone into the bulla lumen ([Figure 22b.18](#f9095){ref-type="fig"} ). This osteosclerosis reaction can be extensive and may occur as either new laminar bone formation or as sharp spicules of bone within the markedly thickened mucosa. The middle ear ossicles may become immobilized as they are enveloped in the fibrous and bony outgrowths or become embedded in exudate ([Figure 22b.19](#f9100){ref-type="fig"} ). While such entrapment would be anticipated to dampen sound transmission to the inner ear, electrophysiological testing will often demonstrate that auditory sensation is partly retained, indicating that the ossicle lesions still allow some vibration to be transmitted. At times the ossicles may instead be thinned due to osteoclast formation and subsequent bone degradation. The bone forming the cochlea may also be thickened in chronic middle ear inflammation. With placement of an indwelling cannula, the usual anticipated responses of granulomatous inflammation and fibrosis directed against such foreign bodies as suture material and tissue glue may be observed ([Figure 22b.20](#f9105){ref-type="fig"} ). Occasionally the cannula will be enveloped by exuberant fibrous connective tissue, which may permit the proliferating tissue to enter into and obstruct the cannula.Figure 22b.18Tympanic bulla from a guinea pig in which the test article was introduced directly into the middle ear. The bony wall of the tympanic bulla is markedly thickened by new bone formation (the layer spanned by the double-headed arrow) and loose fibrous connective tissue. *C*, apex of cochlea. GMA plastic section, H&E stain. 2.5× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.19, p. 2206, with permission.Figure 22b.19Tympanic bulla from a guinea pig in which the test article was introduced directly into the middle ear. A fibrinopurulent exudate extends from the tympanic membrane (at the top of the image but out of the field of view) to the cochlea and has entrapped and immobilized all three ossicles (O). *R*, round window membrane. GMA plastic section, H&E stain. 2.5× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.20, p. 2206 with permission.Figure 22b.20Tympanic membrane from a guinea pig with a cannula placed into the tympanic bulla. A translucent, crescent-shaped fragment of tissue glue used to secure the cannula is entrapped within the tympanic membrane and surrounded by macrophages. *E*, external surface (i.e., the external ear canal), *I*, internal surface (i.e., the lumen of the tympanic bulla). GMA plastic section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.21, p. 2206 with permission.

The auditory tube often is relatively unaffected by agents instilled in the middle ear, but in some cases luminal cellular debris, hypertrophied and hyperplastic epithelium, or increased lymphoid infiltrates in the lamina propria can be identified in the portion of the tube closest to the tympanic bulla. With extremely severe irritants the tympanic membrane may exhibit erosion of the epithelium in the inner surface, and may even undergo necrosis ([Figure 22b.21](#f9110){ref-type="fig"} ). When necrosis ensues the tympanic membrane is crusted in serocellular exudate, its stroma is hypereosinophilic (indicative of extensive matrix degradation), and the inflammatory response may drain outward into the external ear canal.Figure 22b.21Tympanic membrane from a chinchilla in which the test article was introduced directly into the middle ear. The tympanic membrane and its anchoring supports have undergone coagulative necrosis. Acellular debris is in the middle ear space. *TB*, Lumen of the tympanic bulla. *EEC*, Lumen of the external ear canal. Paraffin section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.22, p. 2206 with permission.

### Inner Ear {#s9855}

#### Ototoxicant-Induced Morphologic Changes {#s9860}

The sense of hearing in the inner ear is susceptible to several classes of ototoxicants following systemic exposures. Prototypical ototoxic agents include aminoglycoside antibiotics, organic solvents, loop diuretics, quinine, salicylates, cisplatins, organometals, and carbon monoxide. High levels of noise also produce otic damage. Combinations of ototoxicants and chronically high levels of ambient noise exacerbate the hearing loss that develops following either source of damage alone. Outer hair cells generally are more sensitive to ototoxicants than are inner hair cells. Ototoxic agents typically produce patterns of damage that mimic age-related hearing loss in that the basal (high frequency) areas of the cochlea are affected before the apical (low frequency) areas. However, some animal models, notably mice of the C57BL/6 strain, also develop spontaneous age-related defects in the outer hair cells in the apical and extreme apical regions, but to a lesser degree than the accompanying changes that arise in the basal areas.

Almost any part of the cochlea can present with toxicant-induced histologic changes depending on the agent and the nature of the insult. An irritating xenobiotic or vehicle applied to the middle ear may produce thickening of the bony otic capsule, which is the external structure surrounding the cochlea. Direct middle ear administration of an irritant also can incite inflammatory infiltrates in the round window or near the footplate of the stapes in the oval window. The round window may be thickened by fibroblast proliferation ([Figure 22b.22](#f9115){ref-type="fig"} ). The footplate of the stapes and the fibrocartilage of the round window membrane may also be affected ([Figure 22b.23](#f9120){ref-type="fig"} ). If the irritant introduced into the middle ear is able to penetrate into the cochlea, inflammatory cells may infiltrate the lumens or mucosal linings ([Figure 22b.24](#f9125){ref-type="fig"} ) of the scala vestibuli, scala media, and/or scala tympani; in chronic lesions, proliferation of fibroblasts may lead to expansion and distortion of the inflamed cochlear tissues. In some instances of toxicant-induced cochlear inflammation, hemorrhage may be evident as well. The hemorrhage and inflammation may only be present in dependent (ventrally located) portions of the cochlea, keeping in mind that dependency may be relative to the position of the cochlea during the trimming and embedding processes.Figure 22b.22Round window from a guinea pig in which the test article was introduced directly into the middle ear. The round window membrane (center) is diffusely expanded by edema and is focally thickened in the center by stromal proliferation. The internal portion of the round window membrane is also thickened adjacent to its attachment to the otic capsule (arrowhead). *OC*, organ of Corti; *ST*, scala tympani; *TB*, lumen of tympanic bulla. GMA plastic section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.24, p. 2207 with permission.Figure 22b.23Inner ear from a chinchilla 72 hours after test article administration directly into the middle ear. (A) The fibrocartilage of the footplate of the stapes and the oval window are necrotic, as indicated by increased tissue eosinophilia and an absence of chondrocytes within lacunae. The stapes is to the left, and the rim of the oval window is to the right. GMA plastic section, H&E stain. 20× objective. (B) Normal oval window in the same orientation, demonstrating many dark chrondrocyte nuclei. GMA plastic section, H&E stain. 20× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.25, p. 2208 with permission.Figure 22b.24Cochlea from a chinchilla in which the test article was introduced directly into the middle ear. Low numbers of neutrophils have infiltrated the scala tympani (ST) and scala media (SM). The round window membrane (R) is necrotic. The stria vascularis is hemorrhagic. The limbus spiralis (LS) and spiral ligament (SL) are necrotic and infiltrated by neutrophils. The organ of Corti is disrupted and eosinophilic (necrotic). GMA plastic section, H&E stain. 10× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.26, p. 2208 with permission.

Systemically administered ototoxicants will often affect particular portions of the organ of Corti. Such specificity is generally due either to greater sensitivity of those affected cell populations or to pharmacologic activity. Within the organ of Corti the outer hair cells are generally much more sensitive to ototoxicants than are the inner hair cells, although there are some compound- and species-specific exceptions. The hair cells of the basal turns of the cochlea, which detect high-frequency sounds, are generally more sensitive to injury than are those of apical regions, which are sensitive to low-frequency sounds. In toxicity studies where agents are given for 2--4 weeks, the outer hair cells will simply be lost and replaced by large vacuolated supporting cells or, if sufficient time has passed, a single row of nondescript epithelial cells ([Figure 22b.25](#f9130){ref-type="fig"} ). With studies of shorter duration (e.g., 4 days), it may be possible to identify damaged outer hair cells undergoing what morphologically appears to be apoptotic necrosis ([Figure 22b.26](#f9135){ref-type="fig"} ). In these instances, routine histologic sections will reveal one or more affected outer hair cells with rounded, shrunken profiles and hypereosinophilic cytoplasm, sometimes with pyknotic or karyorrhectic nuclei. With additional time after the outer hair cells are lost, the inner hair cells may also be depleted.Figure 22b.25Sensory cell damage in the organ of Corti in the cochlea from a chinchilla. (A) Following introduction of gentamicin (a positive control agent) directly into the middle ear, the organ of Corti exhibits loss of all hair cells and the sensory epithelium has been replaced by large cells with pale cytoplasm. GMA plastic section, H&E stain. 40× objective. (B) Normal organ of Corti from a control chinchilla showing the row of three, well defined, outer hair cells (to the left, contacted apically by the tectorial membrane). Due to plane of section, two inner hair cells are visible to the right. GMA plastic section, H&E stain. 40× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.27, p. 2209 with permission.Figure 22b.26Sensory cell damage in the organ of Corti in the cochlea from a chinchilla 4 days after introduction of an ototoxic test article directly into the middle ear. Fragments of necrotic cells (arrow head) remain where outer hair cells would be expected. GMA plastic section, H&E stain. 40× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.28, p. 2209 with permission.

Microscopic changes that can be observed in conjunction with hair cell loss include reduced cellularity of the spiral limbus, necrosis of spiral ganglion neurons, and axonal degeneration of the cochlear nerve. The loss of cellularity in the spiral limbus is of uncertain pathogenesis as the function of the dentate cells within it (a special form of fibroblast) has yet to be identified ([Figure 22b.27](#f9140){ref-type="fig"} ). When these cells are lost, readily apparent empty lacunae can be seen.Figure 22b.27Cochlea from a guinea pig following local administration of an aminoglycoside antibiotic directly into the middle ear. Relative to an unaffected organ (shown in [Figure 22b.4](#f9025){ref-type="fig"}), the spiral limbus (limbus spiralis, the eosinophilic structure at middle left) has a normal row of cells along the superficial margin but lacks the cells that should be scattered deeper in the stroma. GMA plastic section, H&E stain. 20× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.29, p. 2210 with permission.

The spiral ganglion is a primary site of damage for some ototoxicants. This can be surmised in some instances from the loss of spiral ganglion neurons in the absence of inner hair cell loss. Further evidence of this effect may be provided by functional testing. Whether induced by hair cell loss or direct neuronal toxicity, spiral ganglion evaluation is essentially an exercise in standard neuropathology. Dying spiral ganglion neurons will be morphologically identical to the "red dead" neurons observed in other degenerating neural tissues (for example, see Chapter 21, Nervous System, Figure 21.5), appearing as shrunken cells with small, dense nuclei, and bright eosinophilic cytoplasm ([Figure 22b.28](#f9145){ref-type="fig"} ). The normal cellularity of the spiral ganglion varies highly from apex to base; therefore, a diagnosis of hypocellularity should be made with caution on routine microscopic sections unless the loss of ganglion tissue is marked. Given the appropriate timing of the evaluation after hair cell loss, the "dying back" phenomenon of axons in the nervous system due to loss of functional synapses in the periphery can be readily apparent in the cochlear nerve. With sufficient time and extensive depletion of spiral ganglion neurons, changes in the cochlear nerve trunk may be apparent as pallor of the nerve at low magnification with swelling of axons or their glial sheaths, formation of digestion chambers, and empty spaces on higher magnification.Figure 22b.28Spiral ganglion from a chinchilla following local administration of an aminoglycoside antibiotic directly into the middle ear. Scattered, hypereosinophilic ("red dead") neurons are consistent with acute necrosis. GMA plastic section, H&E stain. 40× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.30, p. 2210 with permission.

The stria vascularis is another structure that has a demonstrated sensitivity to ototoxicants. Injury to the stria vascularis will result in functional deficits in hearing, because the stria vascularis is the primary site for maintaining the charge differential (i.e., the endocochlear potential) between the perilymph and endolymph. For example, loop diuretics have been reported to rapidly produce reversible swelling of this tissue. This change may not be sufficient to produce permanent hearing loss, but it is postulated to manifest as tinnitus (transient or persistent ringing in the ears). Loop diuretics may potentiate the injury induced by other ototoxicants, such as aminoglycosides, when the agents are given at the same time. Injury to the stria vascularis, typically elicited by high doses and chronic administration of such agents as aminoglycosides, may lead to permanent atrophy with transformation to a thinner and less complex structure. In these instances the ability to generate the endocochlear potential may be reduced but not ablated. Other manifestations of ototoxicity in the stria vascularis may be degeneration, vacuolation ([Figure 22b.29](#f9150){ref-type="fig"} ), and apoptosis of the marginal cells.Figure 22b.29Cochlea from a chinchilla in which the test article was introduced directly into the middle ear. In comparison to the normal inner ear features shown in [Figure 22b.4](#f9025){ref-type="fig"}, the stria vascularis (vertically oriented tissue on the left) is markedly vacuolated. The organ of Corti (arrow) also exhibits loss of the outer hair cells. *SM*, scala media, *ST*, scala tympani, *SV*, scala vestibuli. GMA plastic section, H&E stain. 20× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.32, p. 2211 with permission.

In the vestibular system the cristae ampullaris and the sensory areas of the utricle and saccule are the main targets of ototoxicants. A variety of lesions may occur, including degeneration and loss of hair cells, disruption or disorganization of the sensory epithelium, necrosis ([Figure 22b.30](#f9155){ref-type="fig"} ) or apoptosis. In the utricle and saccule the otoliths may be lost, displaced, or disorganized.Figure 22b.30Otolith organ from the vestibular apparatus of a chinchilla, 72 hours after test article was introduced directly into the middle ear. The macula has coagulative necrosis as shown by diffuse eosinophilia in association with pyknosis and karyorrhexis of nuclei. GMA plastic section, H&E stain. 40× objective.*Source*: Figure reproduced from Haschek, W.M., Rousseaux, C.G., Wallig, M.A., (Eds.), 2013. Haschek and Rousseaux's Handbook of Toxicologic Pathology, third ed., Academic Press (Elsevier), Figure 54.33, p. 2211 with permission.

#### Specific Ototoxicants {#s9865}

##### Aminoglycoside Antibiotics {#s9870}

Gentamicin, kanamycin, and neomycin, among others of this antimicrobial class, have long been recognized as ototoxicants. The aminoglycosides have varying propensities to affect either the auditory or vestibular hair cells, but with sufficiently high doses or long schedules they all will affect both populations of sensory cells. Amikacin tends to affect the cochlea more than the vestibular system, while streptomycin affects the vestibular system more than the cochlea. Gentamicin and tobramicin equally affect both the auditory and vestibular systems. In the organ of Corti, aminoglycosides tend to affect outer hair cells before inner hair cells. Some species, such as mice, are notably "resistant" to aminoglycoside antibiotics since dosing produces lethality from renal effects before ototoxicity can be demonstrated. However, ototoxicity can be produced in mice when local or systemic aminoglycoside administration is combined with systemic delivery of a loop diuretic. The toxicity of aminoglycosides is due to generation of reactive oxygen species, with iron being a key player. The basal turn of the ear generally has lower levels of glutathione and other antioxidants, which makes it more susceptible to oxidative damage. Systemic treatment with antioxidants and iron chelators has been shown to attenuate the toxicity of aminoglycosides. The loss of hair cells observed with aminoglycosides appears to be largely by apoptotic necrosis and is permanent.

Aminoglycosides enter the cochlea via the blood vessels of the stria vascularis, which are part of the barrier (analogous to the blood--brain barrier) making the ear a protected site. It was initially thought that aminoglycosides accumulate in the inner ear; however, pharmocokinetic studies have demonstrated that the concentration in the endolymph and perilymph are very low in comparison to that in the serum. The uptake into the inner ear is dose-dependent and has rapid saturation kinetics. However, aminoglycosides are cleared very slowly from the fluids of the cochlea, so even widely spaced doses will result in a long exposure half-life. Aminoglycosides are known to block a variety of ion channels, including Ca^++^-activated K^+^ channels and transducer channels. At low doses the mechano-electrical transducer channels on hair cell bundles are thought to be permanently blocked by aminoglycosides. These ports may also be one route of antibiotic entry into the outer hair cell; selective pharmacological blockade of these channels prior to dosing with aminoglycosides reduces the extent of ototoxicity. Aminoglycosides are also taken up by hair cells via endocytotic activity at the apical membrane. Mice lacking myosin VIIA are resistant to aminoglycoside antibiotics, as this myosin variant is necessary for the function of endocytotic vesicles.

In the vestibular organs, aminoglycosides produce greater damage in the cristae with less in the utricular macula and least in the saccular macula. Loss of hair cells in the vestibular organs, as in the organ of Corti, is by apoptotic necrosis and is permanent.

##### Solvents {#s9875}

Solvents identified as ototoxicants include toluene, xylenes, and styrene, among others. The mechanism of toxicity has not been defined. All solvents are not created equal in their ototoxic capacity. Most solvents that are ototoxicants are aromatic amines, although some nonaromatic solvents such as trichloroethylene are also ototoxic. The ototoxicity of solvents is not dependent on the degree of lipophilicity. Instead, solvent-induced ototoxicity may be related to the shape of a given molecule such as the number, length, and branching of side chains, which appear to have some correlation with the toxicity for aromatic solvents. Such aromatic solvents generally are ototoxic if they have only one side chain. The exception is *p*-xylene, which has two side chains, while neither *o*-xylene nor *m*-xylene is ototoxic.

There are some important species-specific differences for solvent-induced ototoxicity as well. Guinea pigs and chinchillas, which are most often used in ototoxicity studies, are resistant to solvent-induced ototoxicity while rats are sensitive. This selective vulnerability may be due to multiple factors, possibly the most important of which is metabolism. Chinchillas, which have relatively greater expression and activity of cytochromes (CYP) 2E1 and CYP2B---the enzymes most responsible for toluene detoxification---will efficiently metabolize toluene in the liver, resulting in low blood levels. Phenobarbital priming of rats to induce hepatic CYP levels reduces the ototoxicity of toluene. Other proposed explanations for species-specific vulnerability include differences in systemic or local uptake of solvents as well as physiological variation in hair cell membranes.

Solvents also appear to be different from most other ototoxicants in that the hearing deficit is in the mid-frequency range (located in the middle cochlear turn), in contrast to most ototoxicants having toxicity preferentially in basal turns before expanding toward the apex. The reason for this mid-frequency sensitivity is unknown. Styrene causes injury to the outer hair cells and spiral ganglion neurons by independent means. Interestingly the toxicity is limited to the mid-frequency range for both, but the frequencies affected only partially overlap. The spiral ganglion cell loss is not secondary to hair cell loss as lower doses of styrene can produce toxicity with only outer hair cell loss but still elicit spiral ganglion cell loss (90%--95% of which innervate inner hair cells, not outer hair cells). In contrast, aminoglycosides induce spiral ganglion cell loss by damaging inner hair cells, leading to a "dying back" effect on the ganglionic neurons. With styrene and other solvents, the third (most lateral) row of outer hair cells is lost first, then the second row, followed by the first (most medial) row. Although relatively resistant to styrene, inner hair cells can be lost with high doses. The solvent-induced loss of hair cells proceeds from the middle turn of the cochlea into the apical turns, with the basal turns lost last. Although reports are conflicting, some authors have identified injury to the cells of Hensen, an outer hair cell support cell, as preceding the outer hair cell loss. In contrast to styrene, *p*-xylene only affects the outer hair cells; spiral ganglion cell injury has not been identified. On the other end of the solvent spectrum, trichloroethylene decreased numbers of spiral ganglion cells, without changes in the hair cells. For both of these latter agents the injury is limited to the middle turns of the cochlea as the initial insult.

Many of the solvents also produce vestibular effects, which may occur prior to the onset of hearing impairment. These may be related to nerve transmission as well as to effects on the vestibular sensory epithelia, as toluene is thought to also be an antagonist of the inhibitory neurotransmitter gamma-amino butyric acid (GABA).

##### Loop Diuretics {#s9880}

Loop diuretics such as furosemide, ethacrynic acid, and bumetadine (i.e., those with primary action on the loop of Henle in the kidney) produce rapid, acute, but reversible auditory changes. A common clinical complaint is tinnitus, but there are also notable threshold shifts for sound sensation across all frequencies. The stria vascularis is notably edematous; characteristic features include swelling of marginal cells, shrinkage of intermediate cells, and dilation of the intercellular spaces rapidly following intravenous dosing. The loop diuretics directly affect the stria vascularis from the vasculature, resulting in rapid onset. The edema is due to inhibition of ion transport by Na^+^/K^+^-ATPases at the basolateral membranes of marginal cells, resulting in osmotic expansion of those cells and the intercellular spaces. The toxicologic mechanism of hearing loss related to loop diuretics is due to attenuation of the endocochlear potential and not from injury of the hair cells. Macrolide antibiotics, such as erythromycin, produce similar but less severe changes. The mechanism for erythromycin's effects has not been elucidated.

##### Salicylates and Quinine {#s9885}

Salicylates and quinine enter the endolymph and act on the hair cells. Salicylates inhibit the amplification function of the outer hair cells. The concentration of salicylates in the perilymph is directly proportional to serum levels. Salicylates have been shown to produce threshold shifts across all frequencies. The threshold shifts are temporary and reversible and will occur during the dosing phase. Quinine behaves similarly, but is thought to have a different mechanism of action. Salicylates are thought to inhibit the ability of outer hair cells to lengthen. On the other hand, quinine is thought to block Ca^++^ or K^+^ channels and thereby also prevent outer hair cell motility. Morphologic changes related to salicylate and quinine have not been demonstrated.

##### *Cis*-platinum {#s9890}

The effects of cisplatins in the inner ear are very similar to those of aminoglycoside antibiotics. The primary sites of toxicity for these compounds are the outer hair cells, the stria vascularis, and the spiral ganglion cells. Dosing with cisplatin will result in a diminished or absent endocochlear potential, likely the result of the strial toxicity. The stria will have morphologic changes that include edema, bulging, rupture, and, eventually, atrophy of the tissue. The outer hair cells are preferentially lost except for the chinchilla, where inner hair cells are preferentially lost at low doses followed by outer hair cells at higher doses. The spiral ganglion cells undergo changes in parallel with the outer hair cell loss, which, like the solvent styrene, suggests two independent mechanisms of ototoxicity. Spiral ganglion cells and their processes will detach from their myelin, appearing as pericellular clear spaces in histologic sections. The toxicity of cisplatins is thought to be due either to reactive oxygen species triggering cell death, as coadministration with antioxidants and free radical scavengers will ameliorate ototoxicity, or to blockade of outer hair cell transduction channels. Whether due to oxidative damage by reactive oxygen species or the cisplatin itself, single-strand DNA breaks have been identified in the stria vascularis.

##### Organometals {#s9895}

Trimethyltin and methyl mercury are both neurotoxicants that are also ototoxicants. Of note is that the chemically related triethyltin is a neurotoxicant but not an ototoxicant. Trimethyltin produces a frequency-specific and dose-dependent auditory impairment. It preferentially affects the outer hair cells of the basal cochlea. Trimethyltin will produce morphologic changes in as little as 12 hours, with vacuolation of the outer hair cells visible by transmission electron microscopy. The guinea pig has swollen spiral ganglion neurons with separation of the myelin from cell bodies by 24 hours. However, there is no correlating inner hair cell damage, indicating that the spiral ganglion cell change occurs independently of hair cell injury. In contrast, rats have loss of spiral ganglion cells only after complete ablation of the cochlea, indicating that neuronal loss is a "dying back" phenomenon in this species. Trimethyltin acts by inhibiting protein synthesis via disruption of ribosomes and rough endoplasmic reticulum.

##### Carbon Monoxide and Cyanide {#s9900}

Chemical asphyxiants such as carbon monoxide and cyanide both produce hearing impairment, but likely by different mechanisms. The target of cyanide is the stria vascularis as there is loss of the endocochlear potential with dosing. The stria vascularis is a highly metabolically active site due to the ion transfer that it performs to maintain this potential. In contrast, carbon monoxide likely acts via a direct effect on the inner hair cells, causing glutamate release from this population, and does not affect endocochlear potential. This release leads to excitotoxic death of auditory neurons. However, excitotoxicity will often not manifest in the spiral ganglion as neuronal degeneration or loss, but instead as rupture of the neuronal processes (which is detectable only by electron microscopy).

##### Devices and Biotechnology Products {#s9905}

A wide variety of therapeutic approaches are being used for various types of hearing loss. Implanted devices in the inner ear are becoming a common and viable treatment modality for hearing loss. Biotechnology products are being evaluated as potential therapeutics as well, and some of these are likely to serve as adjuncts to a device for purposes such as preventing further loss of spiral ganglion cells. The biotechnology products currently being developed for otic therapy include monoclonal antibodies, peptides to support neuronal populations (e.g., brain-derived neurotrophic factor \[BDNF\]), antisense oligonucleotides, viral vectors encoding therapeutic peptides of interest, and stem cells. While the literature is rich with descriptions of their potential uses, reports describing the possible liabilities of these modalities are sparse.

##### Noise {#s9910}

High levels of ambient noise are an important source of otic damage. Sound-induced damage is an important safety consideration and is often referred to as acoustic trauma. Loud music, whether from frequent attendance at concerts or from direct piping of high-volume stimuli into the ear canal via earbuds and headphones attached to portable electronic devices, is also an important source of acoustic trauma for the human population. Noise is thought to injure hair cells directly via generation of reactive oxygen species. In addition to being a primary etiology of otic injury, noise will potentiate or exacerbate the toxicity of many, if not all, of the known xenobiotic ototoxicants.

##### Infectious Agents {#s9915}

Various disease agents may contribute to hearing loss. In humans, these include chiefly the organisms that induce meningitis, measles, encephalitis, chicken pox, influenza, and mumps. Similar diseases that cause hearing loss in animals have not been well documented except for some bacterial diseases that may extend to the inner ear, but the existence of such pathogens is expected. Gestational cytomegalovirus in guinea pigs can produce deafness, making it important to know the viral status of laboratory animal colonies at animal suppliers.

Summary {#s9300}
-------

As more opportunities arise for development of otic therapies, there will be an increasing need for toxicologic evaluation of the ear---especially the hard-to-reach middle ear and inner ear. Such assessments will require understanding of the anatomy and physiology of the ear (including key species and strain differences), the likely cellular targets for ototoxicants, and what special anatomic and functional methods may be necessary to fully assess them.

[^1]: Times represent gestational days (numbers only) or postnatal days (numbers annotated with "P").

[^2]: Abbreviations: LM, light microscopy; IHC, immunohistochemistry; EM, electron microscopy; sg, small globes; lg, large globes.

[^3]: If IHC is anticipated, fixation time should be minimized to 24--48 hours.

[^4]: After initial fixation, transfer to 10% NBF for 24 hours to increase ocular tissue rigidity.

[^5]: 50% or more of the surviving fetuses have eye malformations.

[^6]: Abbreviations: Diquat=9,10-dihydro-8a,10a-diazoniaphen-anthrene dibromide.

[^7]: Abbreviations: RPE, retinal pigment epithelium; PRC, photoreceptor cell; INL, inner nuclear layer; OLM, outer limiting membrane; Ay9944, trans-1,4-bis(2-chlorobenzylaminomethyl)cyclohexane dihydrochloride.

[^8]: Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; RPE, retinal pigment epithelium; PRC, photoreceptor cell; NFL, nerve fiber layer; IPL, inner plexiform layer P-1727, *dl*-(*p*-trifluoromethylphenyl) isopropylamine hydrochloride.
